Carrier transport in optical-emitting and photodetecting devices based on carbon-nanotube field-effect transistors by Hsieh, Chi-Ti
CARRIER TRANSPORT IN OPTICAL-EMITTING AND 

























In Partial Fulfillment 
of the Requirements for the Degree 
Doctor of Philosophy in the 










COPYRIGHT 2010 BY CHI-TI HSIEH 
CARRIER TRANSPORT IN OPTICAL-EMITTING AND 





















Approved by:   
   
Dr. David S. Citrin, Advisor 
School of Electrical and Computer 
Engineering 
Georgia Institute of Technology 
 Dr. Bernard Kippelen 
School of Electrical and Computer 
Engineering 
Georgia Institute of Technology 
   
Dr. P. Paul Ruden, Co-advisor 
Department of Electrical and Computer 
Engineering 
University of Minnesota 
 Dr. William Russ Callen Jr 
School of Electrical and Computer 
Engineering  
Georgia Institute of Technology 
   
Dr. Albert Bruno Frazier 
School of Electrical and Computer 
Engineering 
Georgia Institute of Technology 
 Dr. Phillip First 
School of Physics 
Georgia Institute of Technology 
   




















my father and mother, 











 My deepest thanks go to my advisor, Professor David Citrin, and co-advisor, 
Professor Paul Ruden, for their support, encouragement and patience at every stage of 
this dissertation.   
 My thanks and honors to my former advisor, Professor Kevin Brennan, for his 
support and teaching contributing to the important working of this research.  
 I would like to thank Professors Bruno Frazier, Bernard Kippelen, Russ Callen, 
and Phillip First for taking the time out of their busy schedule to read this dissertation. 
 I would like to thank all the members of Professor Citrin’s group and Professor 
Brennan’s group, especially to thank Dr.Tsung-Hsing Yu and Prof. Amit Verma, for 
many discussions related to this dissertation. 
 My greatest thanks and gratefulness go to my father and mother whose love, 
support and assistance were very important for the completion of this dissertation. 
 I would like to express my thanks and appreciation to my grandmother, uncle, 
aunt, and many relatives for their support and patience.  





TABLE OF CONTENTS 
Page 
ACKNOWLEDGEMENTS……………………………………………………………. iv 
LIST OF TABLES…………………………………………………………………….viii 
LIST OF FIGURES……………………………………………………………………..ix 
SUMMARY………………………………………………………………………….....xv 
CHAPTER 
1 INTRODUCTION 1 
1.1 Problem Definition……………………………………………………… 1 
1.2 History and Motivation of Optoelectronic Devices Based on Carbon-
Nanotube Field-Effect Transistors……………………………………… 2 
1.3 Overview of Research…………………………………………………...11 
2 OPTOELECTERONIC DEVICES BASED ON CARBON-NANOTUBE FIELD-
EFFECT TRANSISTORS……………………………………………………....14 
2.1 Carbon Nanotubes………………………………………………………14 
2.1.1 Structure of Carbon Nanotubes………………………………………..15 
2.1.2 Electronic Properties of Carbon Nanotubes…………………………...19 
2.1.3 Optical Properties of Carbon Nanotubes……………………………....21 
2.2 Optoelectronic Devices based on Carbon-Nanotube Field-Effect 
Transistors……………………………………………………………….23 
2.2.1 Electronic Properties of Carbon-Nanotube Field-Effect Transistors….24 
2.2.2 Optical Emitters Based on Carbon-Nanotube Field-Effect 
Transistors……………………………………………………………….27 
2.2.3 Photodetectors Based on Carbon-Nanotube Field-Effect Transistors…30 
2.3 Summary for Optoelectronic Devices Based on Carbon-Nanotube Field-
Effect Transistors ……………………………………………………….31 
 vi 
3 MODELING OF OPTOELECTRONIC DEVICES BASED ON CARBON-
NANOTUBE FIELD-EFFECT TRANSISTORS………………………………33 
3.1 Poisson Equation………………………………………………………...35 
3.2 Drift-Diffusion Currents………………………………………………...37 
3.3 Constant Low-Field Mobility for the Long-Channel CNT FETs……….39 
3.4 Electron and Hole Continuity Equations in the Steady state……………41 
3.5 Recombination and Generation of Electrons and Holes………………...42 
3.6 Photoexcitation in the Photodetectors…………………………………...44 
3.7 Exciton Continuity Equations in Carbon Nanotubes……………………46 
3.8 The Derivation of One-Dimensional Arrhenius Equilibrium Constant…49 
3.9 The Derivation of Parameters ζ1,2,3 in the Thermal Equilibrium………...52 
3.10 Summary for the Modeling of Optical Emitters and Photodetectors Based 
on CNT FETs …………………………………………………………...54 
4 ANALYTIC CALCULATION FOR OPTICAL EMITTERS BASED ON 
CARBON-NANOTUBE FIELD-EFFECT TRANSISTORS…………………...57 
4.1 Analytic Modeling for Optical Emitters Based on Carbon-Nanotube Field-
Effect Transistors………………………………………………………..58 
4.2 Approach of Analytic Calculation for Optical Emitters………………...63 
4.3 Analytic Calculation of Electronic and Optical Properties of Optical 
Emitters………………………………………………………………….64 
4.4 Analytic Calculation of Parameters g1, g2, g3, gfwhm, and gb for the 
Rectangular Function f0………………………………………………….72 
4.5 Conclusion of the Analytic Calculation for Optical Emitters Based on 
Carbon-Nanotube Field-Effect Transistors ……………………………..74 
5 NUMERICAL CALCULATION FOR OPTOELECTRONIC DEVICES BASED 
ON CARBON-NANOTUBE FIELD-EFFECT TRANSISTORS………………76 
5.1 Discretized Equations for Optical Emitters Based on Carbon-Nanotube 
Field-Effect Transistors without Exciton Formation……………………77 
5.2 The Solution of a System of Discrete Equations for Optical Emitters 
without Exciton Formation……………………………………………...92 
 vii 
5.3 Numerical Approach for Photodetectors Based on CNT FETs Including 
Exciton Generation…………………………………………………….102 
5.4 Conclusion of the Numerical Calculation for Optoelectronic Devices 
Based on Carbon-Nanotube Field-Effect Transistors …………………108 
6 RESULTS FOR OPTICAL EMITTERS BASED ON CARBON-NANOTUBE 
FIELD-EFFECT TRANSISTORS…………………………………………….110 
6.1 Calculation for Optical Emitters Based on Carbon-Nanotube Field-Effect 
Transistors……………………………………………………………..111 
6.2 Analytic Results for Optical Emitters Based on Carbon-Nanotube Field-
Effect Transistors……………………………………………………...113 
6.3 Numerical Results for Optical Emitters Based on Carbon-Nanotube Field-
Effect Transistors……………………………………………………...121 
7 RESULTS FOR PHOTODETECTORS BASED ON CARBON-NANOTUBE 
FIELD-EFFECT TRANSISTORS……………………………………………135 
7.1 Calculation for Photoconductors Based on Carbon-Nanotube Field-Effect 
Transistors…………………………………………………………….136 
7.2 Results for Photoconductors Based on Carbon-Nanotube Field-Effect 
Transistors with Uniform Photoexcitation……………………………143 
7.3 Results for Photoconductors Based on Carbon-Nanotube Field-Effect 
Transistors with Near-Field Photoexcitation………………………….161 
7.4 Summary for Photoconductors Based on Carbon-Nanotube Field-Effect 
Transistors……………………………………………………………..185 
8 CONCLUSIONS AND RECOMMENDATIONS……………………………189 
8.1 Conclusions…………………………………………………………...189 
8.2 Recommendation for Future Research Work…………………………194 
APPENDIX : PUBLICATIONS………………………………………………………196 
REFERENCES……………………………………………………………………..197
 viii 
LIST OF TABLES 
Page 
Table 3.1: Nonradiative recombination rates Rnr and coefficients……………………...43 
Table 4.1: Analytic powers of the parameters in Sspot and Popt………………………….70 
Table 6.1: Nonradiative recombination rates Rnr and values of coefficients…………..113 
Table 6.2: Numerically fitted powers of C and I in Sspot and Popt……………………...132 
 ix 
LIST OF FIGURES 
Page 
Figure 2.1: The unrolled honeycomb lattice of a nanotube [3]..………………………..17 
Figure 2.2: Classification of carbon nanotubes: (a) armchair, (b) zigzag, and (c) chiral 
nanotubes [3]...……………………………………………………………….18 
Figure 2.3: The shapes of cross section ring of an armchair and zigzag CNTs………....18 
Figure 2.4: The one-dimensional band structure of a semiconducting zigzag CNT 
(17,0)………………………………………………………………………….20 
Figure 2.5: The geometry of a CNT FET with a planar back gate………………………25 
Figure 2.6: An optical emitter based on a long-channel ambipolar CNT FET with a back 
gate……………………………………………………………………………28 
Figure 2.7: A photodetector based on a long-channel CNT FET with a back gate……...31 
Figure 3.1: A simulated structure of an ambipolar CNT FET with a planar back gate….34 
Figure 5.1: The adopted nomenclature for finite differences……………………………78 
Figure 6.1: Current I as a function of VG for VD = 15 V in a CNT FET with a 
semiconducting zigzag CNT (17,0) with L = 60 μm by using analytic formula.  
The solid line is for SRH recombination, the dashed line is for BBN 
recombination, and the dash-dot line is the result of the analytic model of Ref. 
[49]…………………………………………………………………………115 
Figure 6.2: Electron and hole densities n and p as functions of position x for various 
values of VG (VD = 15 V) by using analytic formula.  The solid lines are for 
SRH recombination, and the dashed lines are for BBN recombination……117 
Figure 6.3: Radiative recombination rate Rr as a function of position x for various values 
of VG (VD = 15 V) by using analytic formula.  The solid lines are for SRH 
recombination, and the dashed lines are for BBN recombination………….117 
Figure 6.4: CNT potential ψ as a function of position x for various values of VG (VD = 15 
V) by using analytic formula.  The solid lines are for SRH recombination, and 
the dashed lines are for BBN recombination……………………………….118 
Figure 6.5: Position xm as a function of VG for VD = 15 V by using analytic formula.  The 
solid line is for SRH recombination, the dashed line is for BBN recombination, 
and the dotted line is from the analytic model of Ref. [49]………………...119 
 x 
Figure 6.6: (a) Light-spot size Sspot and (b) emitted optical power Popt as functions of the 
current I for VG-Vfb = ½VD for various nonradiative recombination mechanisms 
for VG = 13 V and VD = 15 V.  The solid lines are the analytic results for SRH 
recombination, the dashed lines for BBN recombination, and the dotted lines 
for Auger recombination…………………………………………………....120 
Figure 6.7: Current I as a function of VG for VD = 15 V in a CNT FET with a 
semiconducting zigzag CNT (17,0) with L = 60 μm.  The numerical results for 
SRH recombination, for BBN recombination, and for Auger recombination 
coincide and are shown in the solid lines, while the analytic results for SRH 
and for BBN coincide and are shown in the dashed lines.  The dotted line is the 
result of the analytical model of Ref. [49]………………………………….123 
Figure 6.8: Electron and hole densities n and p as functions of position x for various 
values of VG (VD = 15 V) by using numerical calculation.  The solid lines are 
for SRH recombination, the dashed lines are for BBN recombination, and the 
dotted lines are for Auger recombination…………………………………..124 
Figure 6.9: Electron and hole currents In (solid line) and Ip (dashed line) as functions of 
position x for BBN recombination for various values of VG (VD = 15 V) by 
using numerical calculation………………………………………………...125 
Figure 6.10: Electron drift and diffusion currents In,dri (solid line) and In,diff (dashed line), 
hole drift and diffusion currents Ip,dri (solid line) and Ip,diff (dashed line) as 
functions of position x for BBN recombination for VG = 13 V and VD = 15V by 
using numerical calculation………………………………………………...126 
Figure 6.11: Radiative recombination rate Rr as a function of position x for various values 
of VG (VD = 15 V) by using numerical calculation.  The solid lines are for SRH 
recombination, the dashed lines are for BBN recombination, and the dotted 
lines for Auger recombination……………………………………………...127 
Figure 6.12: (a) CNT potential ψ and (b) longitudinal electric field |Fx| as functions of 
position x for various values of VG (VD = 15 V) by using numerical calculation.  
The solid lines are for SRH recombination, the dashed lines are for BBN 
recombination, and the dotted lines are for Auger recombination…………128 
Figure 6.13: Position xm as a function of VG for VD = 15 V by using numerical 
calculation.  The solid line is for SRH recombination, the dashed line is for 
BBN recombination, and the dotted line is for Auger recombination……...129 
Figure 6.14: (a) Light-spot size Sspot and (b) emitted optical power Popt as functions of the 
current I for VG-Vfb = ½VD for various nonradiative recombination mechanisms 
for VG = 13 V and VD = 15 V.  The upper solid lines are the numerical results 
for SRH recombination only, the dashed lines for BBN recombination only, the 
upper dotted lines for Auger recombination only, the lower solid lines for both 
SRH and BBN combined together, and the lower dotted lines for both Auger 
and BBN combined together……………………………………………….131 
 xi 
Figure 6.15: (a) Light-spot size Sspot and (b) emitted optical power Popt as functions of the 
gate capacitance C for VG-Vfb = ½VD for various nonradiative recombination 
mechanisms for VG = 13 V and VD = 15 V.  The upper solid lines are the 
numerical results for SRH recombination only, the dashed lines for BBN 
recombination only, the upper dotted lines for Auger recombination only, the 
lower solid lines for both SRH and BBN combined together, and the lower 
dotted lines for both Auger and BBN combined together………………….133 
Figure 7.1: Generation rate Gx of excitons as a function of position x with spatially 
uniform illumination at photon energy Eph = E11 (= 0.56 eV) for the incident 





Figure 7.2: Current I as functions of Vd for Vg-Vfb = ½Vd with uniform photoexcitation at 




 in a CNT FET with a semiconducting zigzag CNT (19,0).  The curves 
of Ilight for cases C1 and C2 and of the dark current Idark without illumination can 
not be distinguished in the plot.……………………………………………146 
Figure 7.3: Photocurrent Iph as a function of exciton-ionization coefficient rd with 
uniform photoexcitation at excitation energy Eph = 0.56 eV for the incident 




 for Vd = 0.2 V and Vg-Vfb = 0.1 V, i.e., Vg-Vfb 
= ½Vd.  The solid line includes BBN recombination (BBBN = 10
6
 cm/s).  The 




 and Bx = 10
4
 cm/s, and the 




 and Bx = 10
6
 cm/s, 




 and Bx = 10
6
 cm/s but 
without BBN recombination.……………………………………………….147 
Figure 7.4: Photocurrent Iph as a function of incident power density Pincd with uniform 




 and Bx = 
10
6
 cm/s for Vd = 0.2 V and Vg-Vfb = 0.1 V.  The solid line is for case C1 
without BBN recombination, and the dashed line is for case C3 including BBN 
recombination.……………………………………………………………...150 
Figure 7.5: Photocurrent spectrum for case C1.  Photocurrent Iph as a function of photon 





 for Vd = 0.2 V and Vg-Vfb = 0.1 V.……………………………..151 
Figure 7.6: Electron and hole densities n and p as functions of position x with uniform 
photoexcitation at photon energy Eph = 0.56 eV for Vd = 0.2 V and Vg-Vfb = 0.1 




, and the dashed lines are without illumination.  Two curves can not be 
distinguished in the plot.……………………………………………………153 
Figure 7.7: Singlet-exciton density nxs (solid curve) as a function of position x with 
uniform photoexcitation at photon energy Eph = 0.56 eV for the incident power 




 for Vd = 0.2 V and Vg-Vfb = 0.1 V for case C1.  The 
dashed curve is the exciton density without illumination….……………….154 
 xii 
Figure 7.8: Recombination and generation rates R (upper solid curve) and G (lower solid 
curve) of electrons and holes as functions of position x with uniform 





 for Vd = 0.2 V and Vg-Vfb = 0.1 V for case C1.  The 
recombination and generation rates without illumination are indicated as Rdark 
(upper dashed curve) and Gdark (lower dashed curve), respectively..………155 
Figure 7.9: Photocurrent Iph as a function of incident power density Pincd with uniform 




 and Bx = 
10
4
 cm/s including BBN recombination for Vd = 0.2 V and Vg-Vfb = 0.1 V for 
case C2.……………………………………………………………………..157 
Figure 7.10: Singlet-exciton density nxs (solid curve) as a function of position x along the 
channel with uniform photoexcitation at photon energy Eph = 0.56 eV for the 




 for Vd = 0.2 V and Vg-Vfb = 0.1 V for 
case C2.  The dashed curve is without illumination.………………………..158 
Figure 7.11: (a) Generation rate G (solid curve) and (b) recombination rate R (solid 
curve) of electrons and holes as functions of position x with uniform 





 for Vd = 0.2 V and Vg-Vfb = 0.1 V for case C2.  The dashed 
curves are for the generation and recombination rates without llumination..160 
Figure 7.12: Generation rate Gx of excitons as a function of position x with near-field 
photoexcitation at photon energy Eph = 0.56 eV with the incident laser power 
Wincd = 1 mW.  The laser is focused to a 400-nm diameter spot, and illuminates 
at the photoexcitation position xph = 30 μm (solid curve) and 20 μm (dashed 
curve)……...………………………………………………………………..162 
Figure 7.13: Photocurrent Iph as a function of incident power Wincd with near-field 
photoexcitation at photon energy Eph = 0.56 eV for Vd = 0.2 V and Vg-Vfb = 0.1 
V for case C1.  The laser is focused to a 400-nm diameter spot, and illuminates 
at the position xph = 30 μm (solid curve) and 20 μm (dashed curve).………165 
Figure 7.14: Longitudinal electric field |Fx| as a function of position x with near-field 
photoexcitation at photon energy Eph = 0.56 eV with the incident power Wincd = 
1 mW for Vd = 0.2 V and Vg-Vfb = 0.1 V for case C1.  The laser is focused to a 
400-nm diameter spot.  The solid and dashed curves are for the photoexcitation 
position xph = 30 μm and 20 μm, respectively, while the dotted curve (dark) is 
without illumination…………………….…………………………………..165 
Figure 7.15: Photocurrent Iph as a function of photoexcitation position xph with near-field 
photoexcitation at photon energy Eph = 0.56 eV with the incident power Wincd = 
1 mW for Vd = 0.2 V and Vg-Vfb = 0.1 V for case C1.  The laser is focused to a 
400-nm diameter spot……………………………………………………….166 
 xiii 
Figure 7.16: Singlet-exciton density nxs as functions of position x with near-field 
photoexcitation at photon energy Eph = 0.56 eV with the incident power Wincd = 
1 mW for Vd = 0.2 V and Vg-Vfb = 0.1 V for case C1.  The laser is focused to a 
400-nm diameter spot.  The illumination is at the photoexcitation position xph = 
30 μm in (a) and at xph = 20 μm in (b)……………………………….……...167 
Figure 7.17: Recombination and generation rates R (solid curves) and G (dashed curves) 
of electrons and holes as functions of position x with near-field photoexcitation 
at photon energy Eph = 0.56 eV with the incident power Wincd = 1 mW for Vd = 
0.2 V and Vg-Vfb = 0.1 V for case C1.  The laser is focused to a 400-nm 
diameter spot.  The illumination is centered at the photoexcitation position xph 
= 30 μm in (a), and at xph = 20 μm in (b).  The dotted curve (Rdark) and the 
dash-dot curve (Gdark) are for the recombination and generation rates without 
illumination…………………………………………………………………169 
Figure 7.18: Singlet-exciton density nxs as a function of position x with near-field 
photoexcitation at photon energy Eph = 0.56 eV with the incident power Wincd = 
1 mW for Vd = 0.2 V and Vg-Vfb = 0.1 V for case C1.  The laser illumination is 
focused at xph = 20 μm.  The dashed, dotted, solid, and dash-dot curves are for 
the exciton-diffusion coefficients Dx = 0, 30, 100, 300 cm
2
/s, respectively..171 
Figure 7.19: Singlet-exciton density nxs as a function of x with near-field photoexcitation 
at photon energy Eph = 0.56 eV with the incident power Wincd = 1 mW for Vd = 
0.2 V and Vg-Vfb = 0.1 V for case C1.  The laser illumination is focused at xph = 
30 μm.  The dashed, dotted, solid, and dash-dot curves are for the exciton-




Figure 7.20: (a) Generation rate G and (b) recombination rate R of electrons and holes as 
functions of position x with near-field photoexcitation centered at xph = 20 μm 
for case C1. The dashed and solid curves are for the exciton-diffusion 
coefficients Dx = 0 and 100 cm
2
/s, respectively……………………………174 
Figure 7.21: (a) Generation rate G and (b) recombination rate R of electrons and holes as 
functions of position x with near-field photoexcitation centered at xph = 30 μm 
for case C1.  The dashed and solid curves are for the exciton-diffusion 
coefficients Dx = 0 and 100 cm
2
/s, respectively……………………………175 
Figure 7.22: Photocurrent Iph as a function of incident power Wincd with near-field 
photoexcitation at photon energy Eph = 0.56 eV for Vd = 0.2 V and Vg-Vfb = 0.1 
V for case C2.  The laser is focused to a 400-nm diameter spot, and illuminates 
at the photoexcitation position xph = 30 μm (solid curve) and 20 μm (dashed 
curve)……...………………………………………………………………..177 
 xiv 
Figure 7.23: Photocurrent Iph as a function of photoexcitation position xph with near-field 
photoexcitation at photon energy Eph = 0.56 eV with the incident power Wincd = 
1 mW for Vd = 0.2 V and Vg-Vfb = 0.1 V for case C2.  The laser is focused to a 
400-nm diameter spot.……………………………………………………...178 
Figure 7.24: Singlet-exciton density nxs as a function of position x with near-field 
photoexcitation at photon energy Eph = 0.56 eV with the incident power Wincd = 
1 mW for Vd = 0.2 V and Vg-Vfb = 0.1 V for case C2.  The laser is focused to a 
400-nm diameter spot.  The illumination is at xph = 30 μm in (a) and at x = 20 
μm in (b)……………………………………………………………………179 
Figure 7.25: Recombination and generation rates R (solid curves) and G (dashed curves) 
of electrons and holes as functions of x with near-field photoexcitation at 
photon energy Eph = 0.56 eV with the incident power Wincd = 1 mW for Vd = 
0.2 V and Vg-Vfb = 0.1 V for case C2.  The laser is focused to a 400-nm 
diameter spot.  The illumination shines at xph = 30 μm in (a), and at x = 20 μm 
in (b)………………………………..……………………………………….180 
Figure 7.26: Singlet-exciton density nxs as a function of position x with near-field 
photoexcitation at xph = 20 μm for case C2.  The dashed, dotted, solid, and 




Figure 7.27: Singlet-exciton density nxs as a function of x with near-field photoexcitation 
at xph = 30 μm for case C2.  The dashed, dotted, solid, and dash-dot curves are 




Figure 7.28: (a) G and (b) R of electrons and holes as functions of x with near-field 
photoexcitation at xph = 20 μm for case C2.  The dashed and solid curves are for 
the exciton-diffusion coefficients Dx = 0 and 100 cm
2
/s, respectively..……183 
Figure 7.29: (a) G and (b) R of electrons and holes as functions of x with near-field 
photoexcitation at xph = 30 μm for case C2.  The dashed and solid curves are for 






A theory of the carrier transport, optical emission, and photoconductivity from 
optoelectronic devices based on ambipolar long-channel carbon-nanotube (CNT) field-
effect transistors (FETs) is presented in this dissertation.  In optical emitters based on 
ambipolar long-channel CNT FETs, an analytic diffusive-transport model for various 
recombination mechanisms is provided for the first time.  The relationship and the scaling 
of emitted light-spot size and emitted optical power are clearly depicted for the first time 
as well.  We also implement a numerical diffusive-transport approach for the light 
emission, in which the focus is on the effects of radiative and nonradiative recombination 
in the channel, with the movement of the spatial recombination profile in response to the 
gate and drain voltages.  For the first time, we find that the emitted light-spot size and the 
emitted optical power depend sensitively on the operative nonradiative recombination 
mechanisms.  We implement a numerical diffusive-transport approach including exciton 
photogeneration as well for photoconductors based on ambipolar long-channel CNT 
FETs with uniform and near-field photoexcitation.  We show that the photocurrents are 
typically much smaller than the dark currents, and explain some possible reasons.  









1.1 Problem Definition 
 
 The objective of the proposed research is to study theoretically the properties of 
the carrier transport, optical emission, and photoconductivity from optoelectronic devices 
based on ambipolar long-channel carbon-nanotube (CNT) field-effect transistors (FETs).  
In ambipolar CNT FETs electrons and holes can be simultaneously injected at the 
opposite ends of the CNT channel.  The transport and optical properties of CNT FETs are 
investigated in the framework of a diffusive-transport model due to the long conduction 
channel in optoelectronic devices. 
 CNT light emitters are solid-state, electrically driven devices.  Interestingly, an 
optical emitter based on ambipolar long-channel CNT FETs is a light source, in which 
the location of the light emission along the channel can be controlled; therefore, the 
spatial dependence of the recombination profile on the gate and drain voltages is explored.  
The emitted light-spot size and optical power are predicted by both analytic and 
numerical approaches to exhibit sensitive dependence on the nonradiative recombination 
mechanism.   
 CNT light detectors are solid-state, electrically driven devices as well.  For strong 
binding of excitons in CNTs, most of the optical absorption is associated with 
 2 
photogeneration of excitons.  The photoconductivity of CNT FETs including exciton 
generation is investigated with both uniform and near-field photoexcitation. 
 
1.2 History and Motivation of Optoelectronic Devices Based on Carbon-Nanotube 
Field-Effect Transistors 
 
 A carbon nanotube has a diameter of a few nanometers and a length ranging from 




, so a 
CNT can be considered as a quasi-one-dimensional nanostructure.  Excellent thermal 
conductivity, chemical inertness, and high mechanical strength make them excellent 
candidates for a future nanoelectronic technology [1-3].  The list below shows many 
advantages for carbon-nanotube field-effect transistors (CNT FETs) [4, 5].  (1) The one-
dimensional character of CNTs reduces the phase space for scattering and leads to large 
“on” currents in semiconductor CNT FETs.  (2) Unlike a conventional semiconductor 
channel, in CNTs all bonds are satisfied without introducing roughness scattering.  This 
allows a wider choice of gate insulators other than SiO2, such as high dielectric constant 
and crystalline insulators for improved gate control.  (3) All-nanotube-based electronic 
devices can be produced with metallic tube acting as interconnects due to the high 
conductivity and exceptional stability, and semiconducting tubes acting as active devices.  
(4) Semiconducting carbon nanotubes are direct-gap semiconductors that absorb and emit 
light, offering the possibility of developing optoelectronic devices.  For example, optical 
emitters and photodetectors can be achieved based on CNT FETs.  Carbon nanotubes are 
a promising class of materials with outstanding properties for electronics and 
 3 
optoelectronics, but many challenges remain.  One of the biggest challenges is that the 
successful and reliable reproduction of a specific type of a CNT is still lacking [5]. 
 A carbon nanotube may be viewed as a hollow cylinder and can be described as a 
graphene sheet (a layer of graphite) rolled into a cylindrical shape [3].  The electronic 
structure of a CNT can be obtained from that of a two-dimensional graphene layer 
together with zone folding [2, 3, 6].  The one-dimensional energy dispersion relation of a 
CNT can be calculated by a tight-binding model [3].  The unique electronic structure of 
an individual CNT can be either metallic or semiconducting, depending on the 
arrangement of carbon atoms.  Armchair CNTs (n,n) are always metallic, and zigzag 
CNTs (n,0) are only metallic when n is a multiple of 3 [3].  Semiconducting CNTs are 
direct-gap nanostructures, and the energy gaps depend inversely on the CNT diameter [2, 
3].   
 Electron mobility in CNTs, in general, depends on the CNT diameter, electric 
field, and temperature [6-11].  The mobility of a specific type of semiconducting CNT 
can be calculated theoretically by using electron-phonon scattering [8, 9, 11], and there 
are different values for various types of CNTs.  Carbon nanotubes exhibit high mobility 
at low electric fields, exceeding the best semiconductors at room temperature [9, 12, 13].  
At low fields the mobility depends strongly on nanotube diameter, and the mobility 
increases as the CNT diameter increases [9].  For example, at room temperature the 
values of low-field mobility are calculated as 15,000 cm
2
/Vs for (13,0) nanotube with a 
diameter 1 nm, 35,500 cm
2
/Vs for (19,0) nanotube with diameter 1.5 nm, and 65,000 
cm
2
/Vs for (25,0) nanotube with a diameter 1.98 nm.  At high fields the drift velocity 
saturates [9, 11, 13], and the mobility is dramatically reduced by optical-phonon 
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scattering [9, 14-16].  For long-channel CNT FETs the electric field is low, and the 
constant low-field mobility can be applied to this model. 
 In bulk direct-gap materials, optical spectra at room temperature usually involve 
inter-band transitions [1, 4].  In one-dimensional systems such as CNTs, the density of 
states diverges as the inverse of the square root of the energy, leading to van Hove 
singularities.  An inter-band transition means a transition between pairs of van Hove 
singularities.  Most experimental papers discuss the excitation of CNTs in terms of band-
to-band transitions; however, a single-particle description of the excited CNT states omits 
electron-hole interactions, which should be particularly strong in one-dimensional 
systems.  The electron-hole interaction is expected to bind the photoexcited electron and 
hole to form excitons.  Theoretical studies [17-19] and later experimental studies [20-22] 
showed that electron confinement in the quasi-one-dimensional structure of CNTs leads 
to high electron-hole binding energies and the formation of strongly bound exciton states.  
The exciton binding energy depends on the diameter and chirality of the CNT, increasing 
with decreasing diameter, and on the dielectric constant of the surrounding environment 
[18].  Typically the binding energy is about 0.2~0.5 eV.  For strong binding, most of the 
optical absorption is associated with photogeneration of excitons.  Likewise, 
photoluminescence may be dominated by excitons. 
 In carbon nanotubes the energy levels of both conduction and valence bands 
nearest the band edge are doubly orbitally degenerate [3].  For free electron-hole pairs, 
the Coulomb interaction creates four distinct lowest-energy singlet excitons.  Only the 
second-lowest-energy singlet exciton is optically active, which is called a “bright 
exciton” [23, 24].  The other three lowest-energy singlet excitons are optically forbidden, 
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and are called “dark excitons.”  Moreover, all four lowest-energy excitons for the triplet-
spin states are dark as well.  Therefore, only the singlet bright exciton is considered when 
evaluating the effective radiative lifetime of excitons in the carbon nanotubes. 
 There are various gate structures for CNT FETs.  The early and common 
configuration is a back gate [9, 14-16, 25-28].  A top gate [29-32], a partial top gate [33, 
34], and a gate with a trench [35] are the gate structures in order to improve the 
performance of switching devices.  All gates as mentioned above are practical planar 
gates.  However, coaxial gates [36-41] are not practical and are only used to simulate the 
characteristics of CNT FETs.  Because a planar back gate is a recent structure for 
optoelectronic applications [28, 42-44], it is used in this present research. 
 Ballistic-transport models applied to semiconducting CNT channels have been 
used to treat switching devices based on CNT FETs; however, these models cannot be 
directly applied to optical-emitting devices.  The mode of transport −whether ballistic or 
diffusive− is determined by the mean-free-path (MFP) in the channel composed of a 
CNT.  For CNTs at room temperature the mean-free-path is a few μm for defect 
scattering, a few hundred nm for acoustic-phonon scattering, and 15 nm for optical-
phonon scattering [14, 45-48].  At low bias acoustic-phonon scattering is the dominant 
mechanism, and the transport is ballistic for channel lengths shorter than a few hundred 
nm.  At high bias optical-phonon scattering is the dominant mechanism, and the transport 
is ballistic for channel lengths shorter than 10 nm.  In switching devices based on CNT 
FETs the channel length is very short; thus, ballistic-transport models applied to CNT 
channels have been applied.  In optical-emitting devices of CNT FETs the channel length 
ranges from 400 nm to 800 nm in [28], 60 μm in [49], 50 μm in [42], and 10 μm in [50].  
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In this study the channel length of both optical emitters and photodetectors is 60 μm, and 
therefore a diffusive-transport model is applied to the CNT channels for both optical 
emitters and photodetectors [51, 52]. 
 In general, Schottky barriers (SB) at the contacts between a metal and a 
semiconducting CNT were reported by most experiments [4, 31, 32, 53, 54].  For 
ambipolar CNT FETs there is a voltage drop associated with each contact that forms the 
Schottky barriers [49].  In this model their effect is simplified to a constant voltage drop 
independent of the current, and the values of voltage drop are assumed to be the same at 
both S and D contacts [49, 51].  This assumption is applied to the boundary conditions of 
the CNT potential. 
 The concept of “quantum capacitance” was used by Luryi in order to develop an 
equivalent-circuit model for devices that incorporate a conducting two-dimensional 
electron gas [55].  This term has also been used in the modeling of one-dimensional 
systems, such as CNT devices [39, 41, 56, 57].  The total capacitance of the CNT FETs is 
considered as an insulator capacitance in series with the quantum capacitance of the 
CNT.  In this study the insulator capacitance of the CNT FET is given by about 0.38 
pF/cm for 100 μm of the insulator thickness.  The value of the quantum capacitance can 
be estimated as 4 pF/cm [41, 57].  Since the quantum capacitance is much larger than the 
insulator capacitance, the total capacitance can be approximated as the insulator 
capacitance of CNT FETs. 
 For long-channel CNT FETs the longitudinal electric field is a much more gradual 
function of position than the transverse electric field, i.e., the gradual-channel 
approximation (GCA) holds [49, 51, 56].  The observed hysteresis of the current-voltage 
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characteristics in the fabricated devices [42, 43, 49] indicates that there may be charges in 
the insulator or in the CNT-insulator interface.  The flat-band voltage is treated to include 
the effect of those charges and the work-function difference between the gate and the 
channel. 
 For the drift-diffusion currents with large carrier densities, a Fermi-Dirac 
distribution rather than the Boltzmann distribution has to be used.  In degenerate 
semiconductors, the Einstein relation can be approximated by the formula of Kroemer 
[58].  By using the procedure of Joyce and Dixon [59] applied to the Fermi-Dirac integral 
of order -½ for the one-dimensional case such as CNTs, the parameters in the formula of 
Kroemer are calculated in this study [51]. 
 In order to fabricate any electroluminescent device, one must have radiative 
recombination of significant populations of electrons and holes.  Typically, this is 
achieved at an interface between a hole-doped and an electron-doped material, i.e., a p-n 
junction.  In ambipolar CNT FETs electrons are injected from the source S and 
accumulate in the CNT nearby for a positive gate-to-source voltage VGS > 0, while holes 
are injected from the drain D and accumulate nearby for a negative gate-to-drain voltage 
VGD < 0.  Electrons and holes are simultaneously injected from opposite ends of the CNT 
and radiatively recombine in the one-dimensional CNT.  This enables 
electroluminescence (EL).  Therefore, CNT light-emitting devices are solid-state, 
electrically driven devices [4, 6, 7].  CNT FETs under ambipolar operation can produce a 
gate-controlled light source of infrared radiation with undoped CNTs, as distinguished 
from semiconductor-nanowire optical sources [28, 42].  In optical emitters based on long-
channel ambipolar CNT FETs, the area of strong electron–hole recombination, and hence 
 8 
the region of light emission, can be controlled by varying the gate and drain voltages [42, 
49].  Therefore, light emitters based on CNT FETs are spatially tunable light sources.  
Optical emission from CNT FETs exhibits a variety of interesting properties.  The 
emitted light is strongly polarized along the tube axis [6, 28].  The radiation has a 
characteristic energy depending on the diameter and chirality of the CNT.  The emission 
spectra are in accord with the expected bandgaps in the experiment [44].  The emitted 
light-spot size with the long-channel CNT FETs is small (~2-4 μm) [42].   
 Other theoretical work in optical emitters based on CNT FETs is presented below.  
An analytic model based on diffusive transport and assuming infinite recombination rate 
for electrons and holes at the same location has been presented and applied to a very 
long-channel (60 m) CNT [49].  Due to the neglect of the finite recombination length, 
the transport characteristics and optical emission within the recombination region were 
not of immediate concern.  Numerical models with diffusive transport and carrier 
recombination were developed for long-channel devices in order to calculate the emitted 
light-spot movement [50, 60].  A quantum treatment is used to compute the injected 
currents through the Schottky barriers [50], and a drift-diffusion treatment including the 
radiative-recombination rates is used in the long channel. The calculation is fully 
numerical and is computationally expensive.  Radiative recombination was assumed to be 
dominant [50, 60].  However, the importance of nonradiative recombination is indicated 
by the low measured quantum efficiency between 610  and 710  photons per injected e-h 
pair [44].   
 In order to understand the recombination-mechanism dependence of the transport 
characteristics and the optical emission of ambipolar CNT FETs more completely, a 
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diffusive-transport model accounting for the radiative and several nonradiative 
recombination mechanisms is presented in this study.  When defects and impurities exist, 
e.g. at the CNT-insulator interface, Shockley-Read-Hall (SRH) recombination is 
important.  Band-to-band nonradiative recombination (BBN), in which phonons are 
emitted, and Auger recombination are considered also [51].   
 Light emission has also been observed under unipolar transport conditions in 
suspended tubes [61].  The light intensity is stronger by a factor of ~1000 compared to 
ambipolar devices.  The mechanism of this electroluminescence involves an efficient 
impact excitation process involving the hot carriers in CNTs generated by high local 
fields [62].  By this impact-excitation process, high exciton densities can be achieved to 
generate the bright light.  In our study on light emitters based on ambipolar long-channel 
CNT FETs, the electrical field is small and is not sufficiently strong to generate excitons 
through impact excitation [51, 61].  Moreover, recently thermal light emission from 
metallic CNTs was also reported in suspended FET structures [63, 64]. 
 CNT light detectors are solid-state, electrically driven devices as well [4, 6, 7].  
Photoconductivity in CNT FETs has been explored experimentally with uniform 
photoexcitation [21, 43] and with near-field photoexcitation [65-69].  In other theoretical 
work, theoretical simulations neglecting the effects of excitons for the very short channel 
(15nm) were carried out in Ref. [70].  Electron-hole interactions, however, should be 
strong in quasi-one-dimensional system.  The electron-hole interaction is thus expected to 
bind the photoexcited electron and hole to form excitons.  For strong binding, most of the 
optical absorption is associated with photogeneration of excitons.  Since the formation of 
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excitons through photoexcitation is important in CNTs, the model accounting for exciton 
photogeneration is presented in this study. 
 Photoconductivity in CNT FETs is the reverse of electroluminescence.  In 
photodetectors based on CNT FETs, photoexcitation can both generate e-h pairs through 
interband transitions and also generate excitons.  For strong excitonic binding, the optical 
absorption is dominated by the large excitonic oscillator strength.  Therefore, 
photogeneration of excitons is taken to be the dominant mechanism.  Excitons in CNTs 
generated by optical radiation are ionized to free electron-hole pairs.  With an applied 
drain-to-source voltage VDS, electrons and holes are collected at the respective contacts, 
and thus produce a photocurrent.  The effect of field ionization of excitons [71] is 
neglected here since the electric field in long-channel CNT FETs is low [51, 52].  The 
ratio of the exciton-ionization coefficient to the capture parameter for exciton formation 
is assumed to follow an Arrhenius relation [72-74], which is the Saha’s equation in the 
case of chemical equilibrium.  The three-dimensional Arrhenius equilibrium constant was 
derived for Si [72, 73], while the two-dimensional Arrhenius equilibrium constant was 
derived for GaAs quantum wells [74].  Since excitons in CNTs are quasi-one-
dimensional, the one-dimensional Arrhenius equilibrium constant is derived in this study. 
 Since the diameter of a CNT is so small (~1 nm), incident radiation is absorbed 
very slightly.  An experimental measurement determined optical-absorption cross 
sections of CNTs for visible light copolarized and cross polarized with respect to the 
CNT axis [75].  Incident light uniformly exciting the entire device including the CNT 
channel and contacts applies to the experiments in [21, 43], while the relatively small 
focus of  the laser spot exciting part of the CNT channel and the contacts was reported in 
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[66-69].  In our study on photodetectors based on CNT FETs incident light exciting the 
CNT channel but not the contacts is considered, and both uniform and Gaussian spatial 
profiles of the incident light are included. 
 For the photoconductors the photocurrent is maximized for photons polarized 
along the direction of the CNT [43].  In addition to the strong exciton transition, a weaker 
side band about 200 meV above the exciton transition is observed [21].  The side band 
reflects the effect of exciton-phonon coupling and thus involves phonon-assisted 
processes [76].  Internal fields, such as those formed at Schottky contacts and those in 
defect sites, can be used to image such sites and determine band bending in the open-
circuit configuration [65-69].  Since the photocurrent is proportional to the absorbed 
power, photoconductivity can be used as a spectroscopic tool [1].   
 For optical emitters and photodetectors based on CNT FETs, the system of 
differential equations with boundary conditions, in general, cannot be solved explicitly.  
The solution has to be obtained by numerical approaches.  The finite-difference method 
using Scharfetter-Gummel discretization is adopted for the differential continuity 
equations of electrons and holes and for the exciton continuity equations, and then the 
discretized equations are solved numerically [51]. 
 
1.3 Overview of Research 
 
 This research is to study theoretically the properties of carrier transport, optical 
emission, and photoconductivity in optoelectronic devices based on ambipolar long-
channel CNT FETs.  First, the CNT and optoelectronic devices based on CNT FETs are 
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introduced.  Next, the modeling and both the analytic and numerical approaches are 
presented.  Finally, the interesting results for optical emitters and photodetectors are 
presented. 
 CNT FETs and the related optoelectronic devices are studied in Chapter 2.  In 
Chapter 2.1, the structure and classification of CNTs are introduced.  Next, the electronic 
properties of CNTs including the energy dispersion relation, mobility, and mean-free-
path (MFP) are presented.  Finally, the optical properties of CNTs such as the inter-band 
transitions, exciton binding energy, and bright and dark excitons are discussed as well.  In 
Chapter 2.2, the Schottky barriers (SB) and quantum capacitance of CNT FETs are 
introduced.  Next, optical emitters based on CNT FETs including radiative and various 
nonradiative recombination mechanisms are discussed.  In addition, photodetectors based 
on CNT FETs are discussed as well. 
 The modeling of both optical emitters and photodetectors based on CNT FETs is 
studied in Chapter 3.  First, modeling of the gradual-channel approximation (GCA), drift-
diffusion currents, and electron and hole continuity equations applied to CNT FETs is 
introduced.  Next, modeling of various recombination mechanisms of electron and holes 
in the optical emitters is presented.  Modeling of the photoexication and exciton 
continuity equations in the photodetectors is studied as well. 
 In Chapter 4, an analytic diffusive-transport model for various recombination 
mechanisms is presented, thereby enabling a clearer understanding of the dependence of 
the transport and optical properties on the various nonradiative recombination 
mechanisms.  In particular, the current, radiative recombination rate, emitted light-spot 
size, and optical power are all calculated analytically. 
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 For optical emitters and photodetectors based on CNT FETs, the system of 
differential equations with boundary conditions, in general, cannot be solved explicitly.  
In Chapter 5, the numerical approach for the optical emitters without exciton formation is 
studied, and the numerical approach for the photodetectors including the photogeneration 
of excitons is presented as well. 
 Both analytic and numerical results for optical emitters based on CNT FETs are 
calculated in Chapter 6.  The interesting results including the device currents, CNT 
potentials, carrier densities, radiative recombination rates, emitted light-spot sizes, and 
optical powers are obtained for various recombination mechanisms. 
 The results for photoconductors based on CNT FETs are calculated in Chapter 7.  
The interesting results including the photocurrents, current gains, and exciton densities 
are obtained with both uniform and near-field photoexcitation. 







OPTOELECTERONIC DEVICES BASED ON CARBON-NANOTUBE 
FIELD-EFFECT TRANSISTORS 
 
 Carbon nanotubes (CNTs) are novel materials with unique physical and chemical 
properties [1-3].  Their quasi-one-dimensional character and strong bonding lead to weak 
carrier scattering.  Excellent thermal conductivity, chemical inertness, and high 
mechanical strength make them excellent candidates for a future nanoelectronic 
technology.  Moreover, semiconducting carbon nanotubes are direct-gap semiconductors 
that direct absorb and emit light, offering the possibility of developing optoelectronic 
devices.  For example, optical emitters and photodetectors can be achieved based on 
carbon-nanotube field-effect transistors (CNT FETs).  In this chapter CNT FETs and the 
related optoelectronic devices are studied.  Firstly, the structure, electronic, and optical 
properties of CNTs are introduced in Chapter 2.1.  Next, the electronic properties of CNT 
FETs as well as the optical emitters and photodetectors based on CNT FETs are 
discussed in Chapter 2.2.  Finally, the summary for optoelectronic devices based on CNT 
FETs is presented in Chapter 2.3. 
 
2.1 Carbon Nanotubes 
 
 A carbon nanotube (CNT) may be viewed as a hollow cylinder and can be 
described as a graphene sheet (a layer of graphite) rolled into a cylindrical shape [3].  A 
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CNT has a diameter of a few nanometers and a length ranging from nanometers to 




, so a CNT can be 
considered as a one-dimensional nanostructure.  A CNT can be either a single-wall 
(SWCNT) or a multi-wall (MWCNT).  Many nested, coaxial nanotubes share the same 
axis in a MWCNT, while only one nanotube exists in a SWCNT.  Here we focus on 
SWCNTs, and the terminology of CNT and SWCNT is exchangeable.  The unique 
electronic structure of an individual CNT can be either metallic or semiconducting, 
depending on the arrangement of carbon atoms.  In Chapter 2.1.1, the structure and 
classification of CNTs are introduced.  In Chapter 2.1.2, the electronic properties of 
CNTs including the energy dispersion relation, mobility, and mean-free-path (MFP) are 
discussed.  In Chapter 2.1.3, the optical properties of CNTs such as the inter-band 
transitions, exciton binding energy, and bright and dark excitons are discussed as well. 
 
2.1.1 Structure of Carbon Nanotubes 
 
 SWCNTs are extremely strongly bonded, hollow carbon atomic structures with 
diameters typically in the range 1-3 nm.  Figure 2.1 shows the unrolled honeycomb lattice 
of a CNT [3], and describes various parameters related to a graphene sheet.  The 
honeycomb sheet rolls into itself to construct a CNT by connecting O and A coincided 
and B and B' coincided. OA and OB define the chiral unit vector Ch and the translational 
unit vector T of a CNT, respectively.  The rectangle OAB'B defines the unit cell for the 
CNT. The chiral vector Ch is perpendicular to the nanotube axis and corresponds to the 
equator, while the translational vector T is parallel to the nanotube axis and is normal to 
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the chiral vector.  Ch is expressed by the real space unit vectors a1 and a2 of the 
hexagonal lattice, 
    , , ,  are integers, .n m n m n m m n   h 1 2C a a  
The magnitude of Ch is equal to the circumference of the CNT, and the CNT diameter dcnt 










   (2.1.1) 
The constant a is the length of a1 and a2 in the honeycomb lattice.  The carbon-carbon 
bond length is expressed as aCC, in which case 3 CCa a .  The chiral angle θ is defined 
as the angle between the vectors Ch and a1, and denotes the tilt angle of the hexagons 
with respect to the direction of the nanotube axis.  The symmetry vector R is defined as 









 The symmetry classification of a CNT is as either achiral or chiral.  The mirror 
image of an achiral CNT has an identical structure to the original one.  There are only 
two types of achiral CNTs: armchair and zigzag CNTs as shown in Figure 2.2 [3].  The 
names of armchair and zigzag CNTs arise from the shapes of the cross sectional rings 
shown in Figure 2.3.  However, the mirror image of a chiral CNT shown in Figure 2.2 
cannot be superposed on the original one.  An armchair CNT corresponds to the case of 
Ch = (n,n), and a zigzag CNT corresponds to the case of Ch = (n,0).  All other (n,m) chiral 
vectors correspond to chiral CNTs.  The orientation of the honeycomb lattice relative to 
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the axis of a CNT can be taken arbitrary.  Moreover, zigzag and armchair CNTs 




, respectively, while a chiral CNT 
correspond to 0
0





Figure 2.2. Classification of carbon nanotubes: (a) armchair, (b) zigzag, and (c) chiral 






Figure 2.3. The shapes of cross section ring of an armchair and zigzag CNTs. 
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2.1.2 Electronic Properties of Carbon Nanotubes 
 
 The electronic structure of a CNT can be obtained from that of a two-dimensional 
graphite or graphene layer together with zone folding [2, 3, 6].  By using periodic 
boundary conditions in the circumferential direction Ch in Figure 2.1, the wave vector 
associated with the Ch direction becomes quantized, while the wave vector associated 
with the T direction remains continuous.  As a result, each graphene band splits into a 
number of one-dimensional subbands.  The Brillouin zone of a CNT is represented by 
many parallel line segments, and therefore the energy bands consist of a set of one-
dimensional energy dispersion relations in which the allowed energy states are cuts of the 
graphene band structure.  When these cuts pass through a K point of the graphene 
Brillouin zone, the tube is metallic [6].  Otherwise the tube is semiconducting.  If (n-m) is 
a multiple of 3, the one-dimensional energy bands have a zero energy gap, and an 
individual CNT is metallic [3].  If (n-m) is not a multiple of 3, the one-dimensional 
energy bands have an energy gap, and a CNT is semiconducting.  Thus armchair CNTs 
(n,n) are always metallic, and zigzag CNTs (n,0) are only metallic when n is a multiple of 
3.  Semiconducting CNTs are direct-gap nanostructures, and the energy gaps (Eg) depend 
inversely on the CNT diameter [2, 3].  For example, Figure 2.4 shows the one-
dimensional energy dispersion relation of a semiconducting zigzag CNT (17,0) calculated 
by a tight-binding model with a hopping energy 3 eV [3].  Backward momentum 
(negative k) is symmetric to forward momentum (positive k), and the valence subbands 
are symmetric with respect to the conduction subbands.  Thus the hole mobility is equal 
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to the electron mobility, i.e., μ = μn = μp.  Moreover, the first, second, third, and fourth 




Figure 2.4. The one-dimensional band structure of a semiconducting zigzag CNT 
(17,0).   
 
 
Carbon nanotubes exhibit high mobility at low electric fields, exceeding the best 
semiconductors at room temperature [9, 12, 13].  The criterion of ballistic and diffusive 
transport is determined by the mean-free-path (MFP) in the channel.  References [14, 45-
48] show that for CNTs at room temperature the mean-free-path is a few μm for defect 
scattering, a few hundreds nm for acoustic-phonon scattering, and 15nm for optical-
phonon scattering.  At low bias the acoustic-phonon scattering is the dominant 
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mechanism, and the transport is ballistic for the channel length shorter than a few 
hundred nm.  At high bias the optical-phonon scattering is the dominant mechanism, and 
the transport is ballistic for the channel length shorter than 10nm.  At low fields the 
mobility depends strongly on nanotube diameter, and the mobility increases with CNT 
diameter [9].  At high fields in excess of 27 kV/cm the drift velocity saturates [9, 11, 13], 
and the mobility is dramatically reduced by optical-phonon scattering [9, 14-16]. 
 
2.1.3 Optical Properties of Carbon Nanotubes 
 
  In bulk direct-gap materials, optical spectra at room temperature usually involve 
inter-band transition [1, 4].  In one-dimensional systems such as CNTs, the density of 
states diverges as the inverse of the square root of the energy, leading to van Hove 
singularities.  The inter-band transitions mean the transitions between pairs of van Hove 
singularities.  Most experimental papers discuss the excitation of CNTs in terms of band-
to-band transitions and use tight-bind theory to predict their properties.  However, a 
single-particle description of the excited CNT states omits electron-hole interactions, 
which should be particularly strong in the one-dimensional system.  The electron-hole 
interaction is expected to bind the photoexcited electron and hole to form excitons.  
Theoretical studies [17-19] and later experimental studies [20-22] showed that electron 
confinement in the quasi-one-dimensional structure of CNTs leads to high electron-hole 
binding energies and the formation of strongly bound exciton states.  The exciton binding 
energy depends on the diameter and chirality of the CNT, increasing with decreasing 
diameter, and on the dielectric constant of the surrounding environment.  Perebeinos et al. 
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[18] derived general scaling rules for the properties of CNT excitons.  They found that 
the exciton binding energy Eb scales with the CNT diameter dcnt, effective mass m
*
, and 
the dielectric constant εox as 
  
1




   (2.1.2) 
where α = 1.4 and Acon is a constant value.  Typically the binding energy is about 0.2~0.5 
eV.  For strong binding, most of the optical absorption is associated with photogeneration 
of excitons.  Likewise, photoluminescence may be dominated by excitons.  
 The conduction and valence bands in CNTs are doubly orbitally degenerate.  For 
free electron-hole pairs, this gives four distinct but degenerate pair excitations.  In 
excitons, the Coulomb interaction partially lifts the fourfold degeneracy.  For the 
excitonic spin-singlet states, the lowest-energy exciton is optically forbidden [23, 24], 
which is called a “dark exciton.”  The dark exciton is not directly accessed by 
photoexcitation due to the selection rule.  The second-lowest-energy singlet exciton is 
optically active, which is called a “bright exciton.”  This bright exciton gives rise to the 
so-called E11 optical transition.  The third-lowest-energy singlet excitons are degenerate, 
and both are dark.  Moreover, all four lowest-energy excitons for the triplet-spin states 
are dark as well.  Therefore, only the singlet bright exciton is considered when evaluating 







2.2 Optoelectronic Devices based on Carbon-Nanotube Field-Effect Transistors  
 
 Carbon nanotubes are considered as building blocks of a future nanoelectronic 
technology and optoelectronic applications, focusing on CNT FETs. The list below 
shows the advantages of CNT FETs [4, 5]. 
(1) The one-dimensional character of CNTs reduces the phase space for scattering and 
leads to large “on” currents in semiconductor CNT FETs. 
(2) Unlike a conventional semiconductor channel, in CNTs all bonds are satisfied without 
introducing roughness scattering.  This allows a wider choice of gate insulators other than 
SiO2, such as high dielectric constant and crystalline insulators for improved gate control. 
(3) All-nanotube-based electronic devices can be produced with metallic tubes acting as 
interconnects due to the high conductivity and exceptional stability, and semiconducting 
tubes acting as active devices. 
(4) Semiconducting CNTs are direct-gap nanostructures and are the candidates for 
optoelectronic applications. 
 Carbon nanotubes are a promising class of materials with outstanding properties 
for electronics and optoelectronics, but many challenges remain.  One of the biggest 
challenges is that the successful and reliable reproduction of a specific type of a CNT is 
still lacking [5]. 
 Chapter 2.2.1 describes the electronic properties of CNT FETs, while Chapter 




2.2.1 Electronic Properties of Carbon-Nanotube Field-Effect Transistors 
 
 First, basic geometries for CNT FETs are briefly reviewed.  There are various 
gate structures for CNT FETs.  A back gate is an early configuration studied for 
electronic applications [25, 26].  Figure 2.5 shows a structure of a CNT FET with a 
planar back gate [9, 14-16, 27, 28].  A heavily doped p-type silicon substrate acts as a 
back gate, an oxide layer is an insulator, an intrinsic semiconducting CNT operates as a 
channel, and source and drain contacts are composed of a metal.  A top gate [29-32], a 
partial top gate [33, 34], and a gate with a trench [35] are the gate structures in order to 
improve the performance of switching devices.  All gates as mentioned above are 
practical planar gates.  However, coaxial gates [36-41] are not practical and are only used 
to simulate the characteristics of CNT FETs.  The comparison with silicon-on-insulator-
based MOSFETs shows that key characteristics of switching CNT FETs, such as the ON 
current and transconductance, were better than those of Si MOSFETs [4].  Because a 
planar back gate is a recent structure for the optoelectronic applications [28, 42-44], it is 







 Next, the electronic properties of carbon-nanotube field-effect transistors are 
discussed.  Ballistic-transport models applied to semiconducting CNT channels and 
Schottky-barrier models applied to contacts are treated in switching devices based on 
CNT FETs.  However, these models cannot be directly applied to optical-emitting 
devices and the necessary modifications will be explained below.  The mode of transport 
−whether ballistic or diffusive− is determined by the mean-free-path (MFP) in the 
channel composed of a CNT.  For CNTs at room temperature the mean-free-path is a few 
μm for defect scattering, a few hundreds nm for acoustic-phonon scattering, and 15nm for 
optical-phonon scattering, as mentioned above.  In switching devices base on CNT FETs 
the channel length is very short; thus, ballistic-transport models applied to CNT channels 
have been applied.  In optical-emitting devices of CNT FETs the channel length ranges 
from 400nm to 800nm in [28], 50 μm in [42], and 10 μm in [50], and therefore a 
oxide 




Figure 2.5. The geometry of a CNT FET with a planar back gate. 
CNT FET 
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diffusive-transport model applied to CNT channels for optical emitters has been utilized 
[50]. 
 The contact properties of CNT FETs are determined by the processing.  In 
general, Schottky barriers (SB) at the contacts between a metal and a semiconducting 
CNT were reported by most experiments [4, 31, 32, 53, 54].  For the ambipolar case there 
is a voltage drop associated with each contact which forms the Schottky barriers [49].  
However, nearly ohmic contacts between a metal and a semiconducting CNT under some 
conditions are indicated by some experiments.  In one case with ohmic contacts, the 
Schottky barrier to the valence bands of a semiconducting CNT is equal to zero, and the 
Schottky barrier to the conduction bands is equal to the energy gap [33, 45].  In another 
case, the contact conductance is much higher than the channel conductance [12]. 
 The concept of “quantum capacitance” was used by Luryi in order to develop an 
equivalent-circuit model for devices that incorporate a conducting two-dimensional gas 
[55].  This term has also been used in the modeling of one-dimensional systems, such as 
CNT devices [39, 41, 56, 57].  The quantum capacitance CQ of the CNT is defined as 
e
2
DDOS, where DDOS is the average density of states of the carbon nanotube.  The total 
capacitance of the CNT FETs is considered as an insulator capacitance in series with the 
quantum capacitance of the CNT.  The insulator capacitance of the CNT FET is given as 
Equation (3.1.2), and the value is about 0.38 pF/cm for 100 nm of the insulator thickness.  
The value of the quantum capacitance can be estimated as 4 pF/cm [41, 57].  Since the 
quantum capacitance is much larger than the insulator capacitance, the total capacitance 
can be approximated as the insulator capacitance of CNT FETs. 
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2.2.2 Optical Emitters Based on Carbon-Nanotube Field-Effect Transistors 
 
 In order to fabricate any electroluminescent device, one must radiatively 
recombine significant populations of electrons and holes.  Typically, this is achieved at 
an interface between a hole-doped and an electron-doped material, i.e., a p-n junction.  
However, in ambipolar CNT FETs electrons and holes can be simultaneously injected at 
the opposite ends of the CNT channel.  This enables electroluminescence (EL).  
Therefore, CNT light-emitting devices are solid-state, electrically driven devices [4, 6, 7].  
CNT FETs with a back gate under ambipolar operation can produce a gate-controlled 
light source of infrared radiation with undoped CNTs, as distinguished from 
semiconductor-nanowire optical sources [28, 42].  Suspended CNT FETs under unipolar 
operation can produce unusually bright infrared emission [61].  Thermal light emission 
from metallic CNTs was reported in suspended FET structures [63, 64].  In the present 







 Figure 2.6 shows an optical emitter based on a long-channel ambipolar CNT FET 
with a back gate.  Electrons are injected from the source and accumulate in the CNT 
nearby for a positive gate-to-source voltage, while holes are injected from the drain and 
accumulate nearby for a negative gate-to-drain voltage.  This defines the ambipolar 
operating regime.  Electrons and holes are injected from opposite ends of the CNT and 
radiatively recombine in the one-dimensional CNT.  Spatially resolved studies of the 
light emission from CNT FETs involving very long channels (50μm), as a function of the 
applied gate and drain biases, provide unique insights to monitor the location of the 
electron- and hole-current fronts inside the CNT, to determine the electron-hole 
recombination length, and to identify local sources of electron-hole pair creation [42].  
Electrons and holes in the CNTs can recombine by a variety of different mechanisms.  In 
most cases, the energy will be released as heat (phonons), i.e., a nonradiative mechanism, 
oxide 
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Figure 2.6. An optical emitter based on a long-channel ambipolar CNT FET 
with a back gate. 




but a fraction of the recombination events may involve the emission of a photon, i.e., a 
radiative mechanism.  This later process is termed as electroluminescence (EL) [6].  The 
infrared emission due to the radiative mechanism is depicted in Figure 2.6.  In the 
publications [50, 51, 60] the radiative mechanism is assumed to be band-to-band 
recombination of injected electrons and holes.  Optical emission from CNT FETs exhibits 
a variety of interesting properties.  The emitted light is strongly polarized along the tube 
axis [6, 28].  The radiation has a characteristic energy depending on the diameter and 
chirality of the CNT.  In optical emitters, the spatial region along the CNT of strong 
electron–hole recombination and hence the region of light emission, can be controlled by 
varying the gate and drain voltages [28, 42, 49].  Therefore, light emitters based on CNT 
FETs are moveable light sources.  The emission spectra are in accord with the expected 
bandgaps in the experiment, while the emission intensity is highest when VGS = ½VDS 
[44].  The emitted light-spot size compared with the long-channel CNT FETs is small 
(~2-~4 μm) [42]. 
 It is worth noting that recently light emission has also been observed under 
unipolar transport condition in the suspended tubes [61].  The light intensity is stronger 
by a factor of ~1000 compared to ambipolar devices.  The mechanism of this 
electroluminescence involves an efficient impact excitation process involving the hot 
carriers in CNTs, generated by the high local field [62].  By this impact excitation 
process, high exciton densities can be achieved to generate the bright light.   In our study 
on light emitters based on ambipolar long-channel CNT FETs, the electrical field is small 
and is not sufficiently strong to generate excitons through impact excitation [51, 61]. 
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2.2.3 Photodetectors Based on Carbon-Nanotube Field-Effect Transistors 
 
 Photoconductivity is the reverse of electroluminescence, with optical radiation 
producing electrons and holes that are separated by the applied field.  CNT light detectors 
are also solid-state, electrically driven devices [4, 6, 7].  A photodetector based on a CNT 
FET with a back gate is shown in Figure 2.7.  The photoexcitation of a CNT generates 
the electron-hole pairs.  With an applied drain-to-source voltage both electrons and holes 
are collected at two contacts, and thus produce a photocurrent [21, 43].  The photocurrent 
is maximized for photons polarized along the direction of the CNT.  Thus, the CNT FET 
acts as a polarized photodetector with a diameter 1000 times smaller than the wavelength 
of the light it detects and has an estimated quantum efficiency of > 10% [43].  
Alternatively, in the open-circuit configuration, the device generates a photovoltage.  
Internal fields, such as those formed a Schottky contacts and those in defect sites, can be 
used to image such sites and determine the band bending in the open-circuit configuration 
[65-69].  A CNT measures only ~1 nm in at least two dimensions, and as such absorbs 
very little of the incident radiation [75].  Since the photocurrent is proportional to the 
absorbed power, photoconductivity can be used for spectroscopy [1].  In Reference [21], 
in addition to the strong exciton transition, a weaker side-band about 200 meV above the 
exciton transition is observed.  The side-band reflects the effect of exciton-phonon 






2.3 Summary for Optoelectronic Devices Based on Carbon-Nanotube Field-Effect 
Transistors 
 
 In conclusion, we present the electronic and optical properties of CNTs and 
optical emitters and photodetectors based on CNT FETs.  The symmetry classification of 
a CNT is as either achiral or chiral.  There are only two types of achiral CNTs: armchair 
and zigzag CNTs  Armchair CNTs (n,n) are always metallic, and zigzag CNTs (n,0) are 
only metallic when n is a multiple of 3.  Carbon nanotubes exhibit high mobility at low 
electric fields, exceeding the best semiconductors at room temperature.  Electron 
confinement in the quasi-one-dimensional structure of CNTs leads to high exciton 
binding energies.  The exciton binding energy depends on the diameter and chirality of 
the CNT, increasing with decreasing diameter.  In CNTs, only the second-lowest-energy 
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Figure 2.7. A photodetector based on a long-channel CNT FET with a back 
gate. 





singlet exciton is a bright exciton.  Other three lowest-energy singlet excitons and all four 
lowest-energy excitons for the triplet-spin states are dark excitons.   
 For the ambipolar CNT FETs there is a voltage drop associated with each contact 
which forms the Schottky barriers.  The concept of “quantum capacitance” was used to 
develop an equivalent-circuit model for devices.  Since the quantum capacitance is much 
larger than the insulator capacitance, the total capacitance can be approximated as the 
insulator capacitance of CNT FETs.  In ambipolar CNT FETs electrons and holes can be 
simultaneously injected at the opposite ends of the CNT channel.  The recombination of 
electrons and holes may involve the emission of a photon, i.e., a radiative mechanism.  
This enables electroluminescence (EL).  Optical emitters based on CNT FETs including 
radiative and various nonradiative recombination mechanisms are discussed.  
Photoconductivity is the reverse of electroluminescence, with optical radiation producing 
electrons and holes that are separated by the applied field.  Photodetectors based on CNT 
FETs are discussed as well. 
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CHAPTER 3 
MODELING OF OPTOELECTRONIC DEVICES BASED ON 
CARBON-NANOTUBE FIELD-EFFECT TRANSISTORS 
 
 The criteria giving rise to ballistic or diffusive transport are determined by the 
mean-free-path (MFP) in the channel composed of a carbon nanotube.  For CNTs at room 
temperature the mean-free-path is a few μm for defect scattering, a few hundreds nm for 
acoustic-phonon scattering, and 15nm for optical-phonon scattering, as mentioned above.  
In optical-emitting devices based on CNT FETs the channel length is 60 μm in [49], 50 
μm in [42], and 10 μm in [50].  In our study the channel length of both optical emitters 
and photodetectors is 60 μm, and therefore a diffusive-transport model is applied to the 
CNT channels for both optical emitters and photodetectors. 
 Optical emission and photoconductivity from CNT FETs can be explained in 
terms of radiative recombination involving both the band-to-band recombination and the 
generation and decay of excitons, and different nonradiative recombination mechanisms 
along the channel.  A simulated structure of an ambipolar CNT FET with a planar back 
gate is shown in Figure 3.1.  The ambipolar CNT FET modeled consists of an intrinsic 
semiconducting single-wall CNT providing a long channel with a length L (cm), source 
and drain contacts composed of Pd or Ti [21, 28, 42, 43], and a SiO2 gate insulator with a 
thickness dox (nm).  A drift-diffusion model and a simplified model for Poisson’s 
equation as well as the exciton continuity equation are proposed to the channel, while the 
boundary conditions (BCs) are used in the region near the contacts.  Ambipolar FETs 
operate with one electron injecting (e-source) and one hole injecting (h-source) contact.  
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The e-source contact also acts as the drain for holes (h-drain) and the h-source contact 
also acts as the drain for electrons (e-drain).  By using conventional n-channel FET 
terminology, define the e-source as the “source” (S) and h-source as the “drain” (D).  The 
applied gate (G) and drain (D) voltages, VG and VD, are measured with respect to the 
source (S) VS = 0.  Electrons are injected from e-source “S” and accumulate in the CNT 
near e-source “S” for positive VG, while holes are injected from h-source “D” and 






 The modeling provided through this chapter is applied to both optical emitters and 
photodetectors based on CNT FETs, while the modeling of the photoexcitation in 
Chapter 3.6 is only applied to the photodetectors.  All the models include a system of 
L 
oxide 







Figure 3.1. A simulated structure of an ambipolar CNT FET with a planar 
back gate. 
Ambipolar CNT FET 
holes electrons 
 35 
nonlinear differential equations.  The interesting electronic properties of both optical 
emitters and photodetectors, such as the one-dimensional electron and hole densities, 
CNT potentials, and device currents, can be calculated by solving the system of nonlinear 
differential equations.  However, the calculation will be shown in the following chapters.  
The interesting optical properties, such as the emitted optical power for the light emitters 
and the photocurrent and exciton densities for the photodetectors through the 
photoexcitation will be calculated. 
 The modeling of both optical emitters and photodetectors based on CNT FETs is 
studied in this chapter.  First, modeling of the gradual-channel approximation (GCA), 
drift-diffusion currents, and electron and hole continuity equations applied to CNT FETs 
is introduced.  Next, modeling of various recombination mechanisms of electron and 
holes in the optical emitters is presented.  Modeling of the photoexication and exciton 
continuity equations in the photodetectors is studied as well. 
 
3.1 Poisson Equation 
 
 In order to determine the CNT potential, a simplified model for Poisson’s 
equation is chosen.  For long-channel CNT FETs the longitudinal electric field Fx is a 
much more gradual function of position than the transverse electric field, i.e., the gradual-
channel approximation (GCA) holds.  Thus, the local carrier density is simply related to 
the gate-capacitance and the voltage drop across the gate insulator [49, 51, 56], 
 G fb( ) [ ( ) ( )] [ ( ) ( )],x e p x n x C x V V       (3.1.1) 
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where p and n are the linear hole and electron densities in the CNT, e is the fundamental 
charge,  is the linear charge density, C is the linear gate-to-channel capacitance,  is the 
CNT potential, and Vfb is the flat-band voltage.  The longitudinal position x is along the 
CNT with source S at x = 0 and drain D at x = L.  The total capacitance of a CNT FET 
can be approximated as the insulator capacitance, as mentioned above.  The capacitance 
C is given by [77] 
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where εox and dox are the relative dielectric constant and thickness, respectively, of the 
gate insulator SiO2.  The observed hysteresis of the current-voltage characteristics in the 
fabricated devices [42, 43, 49] indicates that there are the charges in the insulator or in 
the CNT-insulator interface.  The flat-band voltage Vfb includes the effect of those 
charges and the work-function difference between the gate G and the channel. 
 The terminal voltages are related to the CNT potential  at S and D via 
 S S sV V    (3.1.3) 
 and 
 .D D dV V   (3.1.4) 
Here ΔVs and ΔVd are the voltage drops across the contact/channel interfaces, while S is 
the CNT potential at S and D is the CNT potential at D.  The metal-CNT interfaces form 
the Schottky barriers as mentioned above.  For the ambipolar case, the voltage drop 
cannot be less than the Schottky barrier height [49].  In our model their effect is 
simplified to a constant voltage drop independent of the current, and the values of ΔVs 
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and ΔVd are assumed to be the same at both S and D contacts [49, 51].  This assumption 
is applied to the boundary conditions of CNT potential . 
 
3.2 Drift-Diffusion Currents  
 
 For the applied voltage with VS < VG < VD in the ambipolar regime, the electrons 
inject from the e-source (S) and the holes inject from the h-source, i.e. e-drain (D).  By 
assuming the positive carrier currents In and Ip defined from D at x = L to S at x = 0, the 
drift-diffusion electron In and hole Ip currents are given by 
 
( )
( ) ( ) ( ) ,n x n
dn x
I x en x F x eD
dx
    (3.2.1) 
 
( )
( ) ( ) ( ) .p x p
dp x
I x ep x F x eD
dx
    (3.2.2) 
The longitudinal electrical field Fx(x) along the CNT is given by ( )/x x  .  The device 






) are the 
same for both electrons and holes due to the symmetry of the band structure about the 









), respectively.  For large carrier densities, a Fermi-Dirac distribution rather than 
the Boltzmann distribution has to be used.  Using the formula of Kroemer [58] in 
degenerate semiconductors, the Einstein relation can be approximated by  




V A A A A   

       (3.2.3) 
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 where ζ = n/Nc, Vt = kBT/e is the thermal voltage, and Nc is the effective density of states 
of electrons and holes.  By using the procedure of Joyce and Dixon [59] applied to the 
Fermi-Dirac integral of order -½ for the one-dimensional case, the parameters of Ai, i = 
1,2,3,4, can be calculated below.  Reference [59] shows that retention of terms through 
A4ζ 
4
 yields the correct result for ζ < 6.  The parameter gi for the Laplace transform of x
-1/2
 
for the one-dimensional case is computed as    1/2 1/2i ½  / 2g i i    , and then 
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 [78], where the 
first 2 indicates the double-degenerate conduction subbands, me
*
 is the electron effective 
mass, Ek is the kinetic energy of electrons, and ħ is the reduced Planck’s constant.  For 











3.3 Constant Low-Field Mobility for the Long-Channel CNT FETs  
 
 Electron mobility in CNTs, in general, depends on the CNT diameter, electric 
field, and temperature [6-11].  Low-field mobility at room temperature can be obtained 
by two different methods. One method is theoretical. The mobility of a specific type of 
semiconducting CNT can be calculated theoretically by using electron-phonon scattering 
[8, 9, 11], and there are different values for various types of CNTs.  Another method is 
experimental.  A simple channel-conductance model of CNT FETs is used to estimate the 
low-field mobility from the experimental data [12, 34, 45, 48, 79, 80].  However, the 







.  Because the specific type of CNTs is needed for computing 
purposes, the mobility in the present study is computed theoretically. 
 Elastic scattering in CNTs is weak, which has long mean free path on the order of 
a micrometer [6], and thus inelastic scattering processes determine the transport 
properties [7].  At low bias, only low-energy acoustic phonons can scatter the electrons, 
which results in a reverse temperature dependence for the carrier mobility in 
semiconducting CNTs [9].  Acoustic-phonon scattering is predominantly a backscattering 
event, and only a small fraction of phonons in the vicinity of the zone center and zone 





/Vs) even at room temperature [12].  The reason is very weak electron-acoustic-
phonon coupling and the very large optical-phonon energy of about 200 meV.  The 
inverse diameter dependence of the effective mass and of the electron-phonon coupling 
strength leads to a quadratic diameter dependence of the mobility [9], which is confirmed 
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experimentally [81].  That is, the larger the CNT diameter is, the higher the mobility is.  






















, and T is the temperature.  For example, at room 
temperature the values of zero-field mobility μ0 are calculated as 65,000 cm
2
/Vs for (25,0) 
nanotube with a diameter 1.98 nm, 35,500 cm
2
/Vs for (19,0) nanotube with diameter 1.5 
nm, and 15,000 cm
2
/Vs for (13,0) nanotube with a diameter 1 nm. 
 Optical-phonon scattering is very strong in CNTs.  Optical phonons contract and 
elongate the C-C bond length and leads to a modulation of the electronic structure [7].  
However, for electrons to emit an optical phonon, their energy must be larger than the 
optical-phonon energy.  This can be achieved under high bias conditions.  At low 
electrical field, the drift velocity initially increases as the field increases, and then 
saturates for high field [8, 9, 82].  Therefore, at the low field, the mobility is constant, and 
then decreases for the high field. 
 The one-dimensional electronic states of CNTs lead to van-Hove singularities in 
the density of states, which in return are responsible for the non-monotonic dependence 
of the mobility on band filling [12, 13, 81].  As the band is filled, by an applied gate 
potential, the mobility initially increases owing the loss of available final states for the 
scattered particles.  Once the Fermi-level reaches a higher energy subband, in which the 
carrier density is large enough, an additional scattering channel opens and again lowers 
the mobility.  
 For long-channel CNT FETs the electric field is low, and the carrier density is 
assumed low enough so that the carrier mobility does not depend on carrier density.  
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Therefore, the constant low-field mobility can be applied to this model.  However, this 
assumption will be justified as the electric field and carrier density are calculated. 
 
3.4 Electron and Hole Continuity Equations in the Steady state 
 
 Remember that the positive carrier currents In and Ip are defined from D at x = L 
to S at x = 0.  The electron and hole continuity equations in steady state are given by 
    
( )( ) 1
    0,n
dI xn x
G x R x
t e dx

    

 (3.4.1) 
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] is the 
recombination rate of electrons and holes.  By substituting the drift-diffusion currents of 
Equations (3.2.1) and (3.2.2) into the continuity equations of Equations (3.4.1) and 
(3.4.2), two differential equations are obtained, and two boundary conditions are 
necessary at each contact.  For the optical emitters based on ambipolar long-channel CNT 
FETs, because the channel length exceeds the recombination length, essentially all 
injected carriers recombine within the channel.  Hence, electrons injected from S fully 
recombine with the holes in the channel and the electron density is negligible at D.  
Similarly, holes injected from D do not reach S.  This assumption is applied to the 
boundary conditions of the minority carrier density at both S and D in the optical emitters.  
In general, the contacts between a metal and a semiconducting CNT form Schottky 
barriers (SB), as mentioned above.  A quantum treatment is used to compute the injected 
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currents through the Schottky barriers [83], but the calculation is numerically intensive.  
In our model their effect is simplified to a constant voltage drop independent of current, 
and the values of the voltage drops across the contact/channel interfaces are assumed to 
be the same value at both (S and D) contacts [49, 51].  For photodetectors based on the 
long-channel CNT FETs, the incident light shines on the channel but not on the contacts 
in our model.  The excitons generated by photoexcitation are ionized or dissociated to 
free electron-hole pairs that are separated by the applied field.  With an applied drain-to-
source voltage, both electrons and holes are collected at two contacts, and thus produce a 
photocurrent.   The photocurrents can be considered as the difference between the device 
currents with and without photoexcitation.  Therefore, the assumption applied to the 
boundary conditions of the minority carrier density at both S and D, and the assumption 
of a constant voltage drop across the contact/channel interfaces are used in the 
photodetectors as well.   
 
3.5 Recombination and Generation of Electrons and Holes 
 
 In optical emitters based on ambipolar CNT FETs the carrier recombination can 
be radiative or nonradiative.  Nonradiative recombination is much stronger than radiative, 




 photons per 
injected e-h pair [44]; therefore, the transport properties and carrier densities are 
determined by assuming only nonradiative recombination.  In the publications [50, 60] 
the radiative mechanism is assumed as the band-to-band recombination of injected 
electrons and holes.  When defects and impurities exist, e.g., at the CNT-insulator 
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interface, Shockley-Read-Hall (SRH) recombination is important.  Band-to-band 
nonradiative recombination (BBN), in which phonons are emitted, and Auger 
recombination are considered also [51].  Expressions for the nonradiative recombination 
rates Rnr and the coefficients chosen are listed in Table 3.1.  For light emission generated 
by band-to-band radiative recombination (BBR) of electrons and holes, the radiative 
recombination rate Rr is assumed as BBBR(np-ni
2
), where BBBR [cm/s] is the band-to-band 





g rE R x dx , in which Eg is the band-gap of the CNT.   
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BBN    Rnr = BBBN(np-ni
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Auger   Rnr = BAuger(n+p)(np-ni
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 In photodetectors based on CNT FETs, the photoexcitation can both generate the 
e-h pairs through interband transitions and can also generate excitons.  Electron 
confinement in the quasi-one-dimensional structure of CNTs leads to the formation of 
strongly bound exciton states.  For strong binding, most of the optical absorption is 
associated with photogeneration of excitons.  Therefore, photogeneration of excitons is 
the dominant mechanism, as mentioned above.  The generation rate of e-h pairs through 
 44 
the interband transition is depicted as Gbb.  The exciton-ionization rate rdnxs is the 
generation rate of e-h pairs, and thus the total generation rate G of electrons and holes is 
equal to rdnxs+Gbb.  The bimolecular recombination rate of electrons and holes involved 
in the exciton-formation is described as Bxnp, where Bx [cm s
-1
] is the capture parameter 
for exciton formation. 
 
3.6 Photoexcitation in the Photodetectors 
 
 In the CNT the electron confinement in the quasi-one-dimensional structure leads 
to electron-hole binding energies and formation of strongly-bound exciton states [1, 17-
22], as mentioned above.  The exciton binding energy depends on the diameter and 
chirality of the CNT, increasing with decreasing diameter, and on the dielectric constant 
of the surrounding environment, shown in Equation (2.1.2).  In CNTs most of the 
oscillator strength is transferred from inter-band to excitonic transitions, which dominate 
their optical absorption spectra [18, 19].  Only in CNTs embedded in high dielectric 
constant media, in which the exciton binding energy is small, the inter-band transitions 
become strong.  The fractional value of the number of excitons generated by the electron-
hole interaction per one incident photon is given as αex, while the fractional value of the 
number of free e-h pairs generated by the interband transitions per one incident photon is 
given as αbb.  The spectra of both αex and αbb depend on the incident photon energies.  
Since the diameter of a CNT is so small (~1 nm), the incident radiation is absorbed very 
slightly.  An experimental measurement determined optical absorption cross sections of 
carbon nanotubes for visible light copolarized and cross polarized with respect to the 
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CNT axis [75].  The measured optical absorption cross section is given as Acm with the 
unit [cm
2
/mole C].  The calculation of the generation rate of excitons through the 
photoexcitation is shown below.  Assume that the incident optical power density is Pincd 
[W/cm
2
] and the photon energy is Eph [Joul], and then the number of incident photons per 
area per second is depicted as Pincn [number of incident photons/cm
2






  (3.6.1) 
For a zigzag CNT (nzz, 0) the length of a unit cell is 3 3 CCa a , the number of the 
hexagons in the unit cell is 2nzz, and the number of the carbons is 4nzz.  In the CNTs the 
one-dimensional absorbed rate of photons per length per second is depicted as Aabs 
[number of absorbed photons/cm s], which is given as 
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(3.6.2) 
The incident lights uniformly exciting the whole devices including the CNT channel and 
the contacts were reported in the experiments [21, 43], while the relatively small focus of  
the laser spot exciting the part of the CNT channel and the contacts was reported [66-69].  
In our study in the photodetector based on the CNT FETs the incident light exciting the 
CNT channel but not the contacts is considered, and both uniform and Gaussian profiles 
of the incident light are included.  The incident light profile is assumed as finc(x).  
Therefore, the generation rate of the exciton-i through the phtoexcitation is given as 
        , ,xi ph abs ph inc exi phG x E A E f x E    (3.6.3) 
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where Gxi has the unit [number of excitons/cm s].  Since both Aabs and αexi depend on the 
photon energy Eph and finc depends on x, and then Gxi depends on both Eph and x.  
Similarly, the generation rate of the free e-h pairs by the interband transition through the 
photoexcitation is given as 
        , .bb ph abs ph inc bb phG x E A E f x E    (3.6.4) 
 
3.7 Exciton Continuity Equations in Carbon Nanotubes 
 
 In carbon nanotubes the energy levels of both conduction and valence bands 
nearest the band edge are doubly orbitally degenerate [3].  For free electron-hole pairs, 
the Coulomb interaction creates four distinct but degenerate lowest-energy singlet 
excitons.  The lowest-energy exciton is a dipole-forbidden exciton (dark exciton), the 
second lowest-energy exciton is an optically active exciton (bright exciton), and the third 
lowest-energy excitons are double-degenerate dark excitons [23, 24].  There are four 
distinct lowest-energy triplet excitons, but all triplet excitons are dark excitons.  
Therefore, only the continuity equations of singlet excions are focused here. 
The continuity equations for these singlet excitons are given as 
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 (3.7.1) 
nx1, nx2, and nx3 [cm
-1
] are the singlet-exciton densities for the dark exciton-1, bright 




] is the bright exciton-2 
generation rate from photoexcitation, Gx3 is the dark exciton-3 generation rate due to the 
exciton-phonon coupling [76], and Gx1 is the dark exciton-1 generation rate which is 
assumed as zero.  The rate of exciton formation involving the bimolecular recombination 
of electrons and holes is described as Bxinp, where Bxi [cm s
-1
] is the capture parameter 
for exciton formation.  The rate of exciton ionization (i.e., exciton dissociation) to free e-
h pairs is depicted as rdinxi, where rdi [s
-1
] is the coefficient.  The radiative-decay and 
nonradiative-decay coefficients of excitons are given as rir and rinr [s
-1
], respectively.  The 
transition rate from exciton-i to exciton-j is described as rijnxi, where rij [s
-1
] is the 




].   
 The effect of the field-dependent ionization of excitons [71] is neglected since the 
electric field in the long channel of CNT FETs is low [51, 52].  The ratio of the exciton-
ionization (exciton-dissociation) coefficient rdi to the capture parameter Bxi of exciton 
formation, i.e., rdi/Bxi, is assumed as the Arrhenius equilibrium constant [72-74], which is 
the Saha’s equation in the case of the chemical equilibrium.  There were many 
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approaches published to derive the Arrhenius equilibrium constant and Saha’s equation.  
The three-dimensional Saha’s equation for the dissociation equilibrium was derived by 
using the method of quantum-mechanical canonical grand ensembles [84], or by using 
the approach of phase-space maximization of statistical mechanics [85].  The three-
dimensional Arrhenius equilibrium constant for the silicon in the chemical equilibrium 
was derived by using the approach of the partition function [72, 73], while the two-
dimensional Arrhenius equilibrium constant was derived for the GaAs quantum well [74].  
In addition, the three-dimension Saha’s equation in exciton condensates was derived by 
using the property of chemical potentials [86].  Since the excitons in the CNTs are quasi-
one-dimensional, the derivation of one-dimensional Arrhenius equilibrium constant, 
which is equal to the ratio of the exciton-ionization coefficient rdi to the capture 
parameter Bxi of exciton formation, i.e., rdi/Bxi, is shown in Chapter 3.8.  Two approaches 
are used: one is using partition function, and another is using the property of chemical 
potentials. 
 The energy levels of the exciton-1, exciton-2, and exciton-3 are depicted as Ex1, 
Ex2, and Ex3, respectively.  The exciton splitting energy δ1 (=Ex2-Ex1) is assumed to be 
energy difference between the energy levels of exciton-1 and exciton-2, and the splitting 
energy δ2 (=Ex3-Ex1) is assumed as the energy difference between the energy levels of 
exciton-1 and exciton-3.  The exciton splitting energies are very small (~4-~23 meV); 
therefore, thermal equilibrium is a good assumption due to the fast transition between 
those exciton states.  The total singlet-exciton density nxs is assumed as nx1+nx2+nx3.  
Expressing the ith-exciton density in terms of the total singlet-exciton density nxs gives 
nx1 = ζ1nxs, nx2 = ζ2nxs, and nx3 = ζ3nxs.  The parameters ζ1,2,3 in the thermal equilibrium is 
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derived by two methods, shown in Chapter 3.9.  The first method is to calculate the ratio 
of probability of exciton-i to probability of total excitons by using the partition function.  
The second method is to calculate the ratio of density of exciton-i to density of total 
excitons by using the property of the equal chemical potentials (Fermi levels) of excitons 
in the thermal equilibrium.   
 By summing all individual lines of Equation (3.7.1), the continuity equation of the 
total singlet-exciton density nxs is given as [52] 




G B np r n r r n D
dt dx dx
 
       
 
 (3.7.2) 
The relationships of coefficients are shown below. 
 The generation rate of excitons: Gx = Gx1+Gx2+Gx3.  
 The capture parameter for exciton formation: Bx = Bx1+Bx2+Bx3. 
 The exciton-ionization (exciton-dissociation) coefficient: rd = ζ1rd1+ζ2rd2+ζ3rd3. 
 The radiative-decay coefficient of excitons: rr = ζ2r2r. 
 The nonradiative-decay coefficient of excitons: rnr = ζ1r1nr+ζ2r2nr+ζ3r3nr. 
 The diffusion coefficient of excitons: Dx = ζ1Dx1+ζ2Dx2+ζ3Dx3. 
 
3.8 The Derivation of One-Dimensional Arrhenius Equilibrium Constant  
 
 Two approaches are used to derive the one-dimensional Arrhenius equilibrium 
constant, which is the Saha’s equation in the case of the chemical equilibrium.  The first 
approach is using partition function [72-74].  Although the excitons are approximately 
Bosons, for the low exciton densities the Boltzmann factors can be assumed.  The one-
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dimensional single-particle partition function fpart,i of exciton-i with parabolic energies in 
all phase space is given by [72] 
 1part,i  exp exp .
2
xi k xi xi Dim xi
B xi B
g E E g V E
f dk dr
k T k T 


    
     
   
   (3.8.1) 
The kinetic energy Ek is equal to 
2 2/2 xik m , mxi is the effective mass of exciton-i, gxi is 
the degeneracy factor of the lowest energy levels of exciton-i, kB is the Boltzmann 
constant, and T is the temperature.  By using 2
0
exp( ) / 2x dx 

  , the result of the 
right-hand side of the equation can be obtained, where the one-dimensional thermal de 
Broglie wavelength λxi of exciton-i is assumed as / 2 xi Bh m k T , and V1Dim is the one-
dimensional volume.  Similarly, the one-dimensional single-particle partition function 
fpart,e of electrons with parabolic energies in all phase space is given by 
 1part,e exp  exp .
2
e k e e Dim e
B e B
g E E g V E
f dk dr
k T k T 


    
     
   
   (3.8.2) 
Ee is the ground-state energy of electrons, and ge is the degeneracy factor of the lowest 
energy levels of electrons, and the one-dimensional thermal de Broglie wavelength λe of 
electrons is equal to */ 2 e Bh m k T , where me
*
 is the effective mass of electrons.  In 
chemical equilibrium, the rate of exciton formation involving bimolecular recombination 









 are the electrons and holes, respectively, while the rate of exciton 
ionization (i.e., exciton dissociation) to free e-h pairs is depicted as rdinxi
0
 for the system 






 indicate the equilibrium densities.  
Since the density of exciton-i is proportional to the probability of the partition function 
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divided by the one-dimensional volume, i.e., fpar,i/V1Dim, for the one-dimensional case the 
Arrhenius equilibrium constant, which is equal to the ratio of the exciton-ionization 
coefficient rdi to the capture parameter Bxi of exciton formation, i.e., rdi/Bxi [72-74], can 
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B n g k T
 
   
 
 (3.8.3) 
The ionization (dissociation) energy of exciton-i is described as Wi = Ee+Eh-Exi, and W2 is 
equal to the exciton binding energy Eb for the bright exciton-2.  The associated thermal 
de Broglie wavelength λri is equal to / / 2e h xi ri Bh m k T    , and the reduced mass mri is 
equal to * */e h xim m m .  In the original Saha’s equation the values of degeneracy in Equation 
(3.8.3) are replaced by the sum of the partition functions of any possible internal states 
[84, 85]; however, only the lowest energy levels are considered here.  Since in the CNT 
the lowest energy levels of both conduction and valence subbands are doubly degenerate 
[3], the values of both ge and gh are two.  Since the Coulomb interaction creates four 
lowest-energy singlet excitons, the lowest-energy exciton, i.e., exciton-1, is a dark 
exciton, the second lowest-energy exciton, i.e., exciton-2, is a bright exciton, and the 
third lowest-energy excitons, i.e., exciton-3, are double-degenerate dark excitons [23, 
24].  Therefore, the values of both gx1 and gx2 are one, and the value of gx3 is two. 
   The second approach is using the property of chemical potentials in the chemical 







 [78], where the kinetic energy Ek is equal to E-Exi, and h is the Planck 
constant.  Although the excitons are approximately Bosons, for the low exciton density 
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, where μxi is the chemical potential (Fermi level) of exciton-i.  The one-
dimensional exciton density nxi is calculated as 
 xi
0
 ( ) ( ) exp .xi xi xib xi k k
xi B
g E





   
 
  (3.8.4) 
The Gamma function  1/2
0
½xx e dx 

      is used to compute the formula.  Again 
λxi is the one-dimensional thermal de Broglie wavelength of exciton-i.  In chemical 




 ↔ exciton-i, the chemical potentials have the property of 
μe + μh = μxi.  For the one-dimensional case the Arrhenius equilibrium constant is equal to 





   exp .di e h i
xi xi xi ri B
r g g Wn p
B n g k T
 
   
 
 
This formula has the same form as that in Equation (3.8.3). 
 
3.9 The Derivation of Parameters ζ1,2,3 in the Thermal Equilibrium 
 
 The parameters ζ1,2,3 in the thermal equilibrium can be derived by two methods.  
The first method is to calculate the ratio of probability of exciton-i to probability of total 
excitons by using the partition function to obtain the parameters ζi.  Although the excitons 
are Bosons, for the low exciton densities the Boltzmann factors can be assumed.  The 
one-dimensional single-particle partition function fpart,i of exciton-i with parabolic 
energies in all phase space is given by Equation (3.8.1) in Chapter 3.8 [72].  Since the 
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density of the exciton-i is proportional to the probability of the partition function divided 
by the one-dimensional volume, i.e., fpar,i/V1Dim, the parameters ζi is obtained by the ratio 
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 (3.9.1)  
The second method is to directly calculate the exciton density nxi through the density of 
states, and then to compute ζi = nxi/nxs by using the property of the equal chemical 
potentials (Fermi levels) of excitons in the thermal equilibrium.  The one-dimensional 
exciton density nxi is given by Equation (3.8.4) in Chapter 3.8.  In the thermal equilibrium 
the chemical potentials among three states of excitons are equal, i.e., μx1 = μx2 = μx3, and 
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The ζ1 has the same form as that in Equation (3.9.1).  Similarly, ζ2 and ζ3 have the same 
formula, too. 
 
3.10 Summary for the Modeling of Optical Emitters and Photodetectors Based on 
CNT FETs 
 
 For long-channel CNT FETs the gradual-channel approximation (GCA) is used.  
In general, the metal-CNT interfaces form the Schottky barriers.  In our model their effect 
is simplified to a constant voltage drop independent of the current, and the values are 
assumed to be the same at both S and D contacts.  The channel length is long, and thus a 
diffusive-transport model is applied to both optical emitters and photodetectors.  That is, 
the electron and hole continuity equations coupled with the drift-diffusion currents are 
used.  For large carrier densities, a Fermi-Dirac distribution rather than the Boltzmann 
distribution has to be used.  In degenerate semiconductors, the Einstein relation can be 
approximated by the formula of Kroemer [58].  By using the procedure of Joyce and 
Dixon [59] applied to the Fermi-Dirac integral of order -½ for the one-dimensional case, 
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the parameters in the formula can be calculated.  Electron mobility in CNTs, in general, 





/Vs) even at room temperature.  The inverse diameter dependence of 
the effective mass and of the electron-phonon coupling strength leads to a quadratic 
diameter dependence of the mobility.  That is, the larger the CNT diameter is, the higher 
the mobility is.  For long-channel CNT FETs the electric field is low, and thus the 
constant low-field mobility can be applied to this model. 
 In optical emitters based on ambipolar CNT FETs, nonradiative recombination of 
electrons and holes is much stronger than radiative, as evidenced by the low measured 




 photons per injected e-h pair [44].  Light 
emission is assumed as the band-to-band radiative recombination (BBR) of electrons and 
holes.  Various nonradiative recombination mechanisms, such as Shockley-Read-Hall 
(SRH) recombination, band-to-band nonradiative recombination (BBN), and Auger 
recombination, are considered. 
 Electron confinement in the quasi-one-dimensional structure of CNTs leads to the 
formation of strongly bound exciton states.  For strong binding, most of the optical 
absorption is associated with photogeneration of excitons.  Therefore, photogeneration of 
excitons is the dominant mechanism in photodetectors based on CNT FETs.  Since the 
diameter of a CNT is so small (~1 nm), the incident radiation is absorbed very slightly.  
The calculation of the generation rate of excitons through the photoexcitation is 
expressed.  In CNTs the exciton splitting energies are very small (~4-~23 meV); 
therefore, thermal equilibrium is a good assumption due to the fast transition between 
those exciton states.  The ith-exciton density in terms of the total singlet-exciton density 
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can be obtained, and thus the continuity equation of the total singlet-exciton density is 




ANALYTIC CALCULATION FOR OPTICAL EMITTERS BASED 
ON CARBON-NANOTUBE FIELD-EFFECT TRANSISTORS 
 
 In optical emitters based on long-channel ambipolar CNT FETs, the region of 
light emission can be controlled by varying the gate and drain voltages [42, 49].  An 
analytic model based on diffusive transport and assuming infinite recombination rate for 
electrons and holes has been presented and applied to very long-channel (60 m) CNT 
FETs, but the spatial size of the optical emission region was not considered [49].  In 
addition, two numerical models with carrier recombination were developed for long-
channel devices [50, 60].  Radiative recombination was assumed to be dominant; 
however, the dominant role of nonradiative recombination is evident in the extremely low 




 [44].  
The new model accounting for both radiative and nonradiative recombination, allowing 
for several mechanisms, was described in Chapter 3.5.  In the next chapter, the numerical 
approach will be presented; however, the physical origin of important effects may be 
difficult to trace from a purely numerical approach.  An analytic diffusive-transport 
model for various recombination mechanisms [51] is therefore presented in this chapter, 
thereby enabling a clearer understanding of the dependence of the transport and optical 
properties on the various nonradiative recombination mechanisms.  In particular, the 
current, radiative recombination rate, emitted light-spot size, and optical power are all 
calculated analytically.  The focus is on the effects of radiative and nonradiative 
recombination in the channel, with the movement of the spatial recombination profile in 
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response to the gate and drain voltages being explored analytically, which provides 
physical insight not afforded by purely numerical approaches.  All formula in this chapter 
are implemented by using the MATLAB in order to calculate the analytic solutions. 
 The analytic modeling for optical emitters based on carbon-nanotube field-effect 
transistors is given in Chapter 4.1, and the approach of analytic calculation is described in 
Chapter 4.2.  The analytic calculation of electronic and optical properties of optical 
emitters is given in Chapter 4.3.  The analytic calculation of parameters for the 
rectangular function is shown in Chapter 4.4.  The conclusion of the analytic calculation 
is given in Chapter 4.5. 
 
4.1 Analytic Modeling for Optical Emitters Based on Carbon-Nanotube Field-Effect 
Transistors 
 
 For optical emitters based on ambipolar long-channel CNT FETs, electrons are 
injected from e-source S and accumulate in the CNT near e-source S for positive VG, 
while holes are injected from h-source D and accumulate near there for negative VG-VD.  
For the optical emitters both the electron- and hole-generation rates are neglected.  Notice 
that əψ/əx is replaced by dψ/dx since the only longitudinal dependent variable x of the 
CNT potential ψ is of interest.  By substituting both /xF d dx   and Equation (3.1.1) of 
the GCA into Equation (3.2.1) and (3.2.2) of the drift-diffusion currents, one finds that 
the drift currents are much larger than the diffusion currents if the carrier densities are 
 59 
much larger than the value of /CD e .  Therefore, only the drift currents are considered 
for the analytic calculation: 





  (4.1.1) 





  (4.1.2) 
Moreover, current conservation at any channel position x implies that the device current 
satisfies 
    n p .I I x I x   (4.1.3) 
Substitute Equations (4.1.1) and (4.1.2) into Equation (4.1.3) to obtain 
   .
d
I e n p
dx

   (4.1.4) 
Using Equations (3.1.1) and (4.1.4) to express the carrier densities n and p in terms of the 
CNT potential  and the device current I gives [87] 
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 (4.1.6) 
 
 Subtracting Equation (4.1.2) from Equation (4.1.1) and then substituting it into 
Equation (3.1.1) of the gradual-channel approximation, Ip-In is given as  
 p n G fb( ) .
d
I I C V V
dx

      (4.1.7) 
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For optical emitters based on CNT FETs, both the electron and hole generation rates are 
effectively zero.  In steady-state, the carrier continuity equations of Equations (3.4.1) and 
(3.4.2) can be expressed as 
  
( )1
  2 , ,




  (4.1.8) 
where R(n,p) describes the recombination mechanism of electrons and holes in terms of 
carrier densities n and p.  Substituting Equation (4.1.7) into Equation (4.1.8) gives [88] 
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 (4.1.9) 
Thus the carrier continuity equation of Equation (4.1.9) can be described as the 
differential equation for the CNT potential (x) through the recombination mechanism 
R(n,p) of electrons and holes, 
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 (4.1.10) 
 It is convenient to adopt dimensionless quantities.  The position w is defined as 
x/L, and the position xm is defined as the position with p(xm) = n(xm), and wm ≡ xm/L.  
Thus (xm) = VG-Vfb and Ip(xm) = In(xm) = I/2 due to the relation / /n pI I n p .  The 
normalized electron and hole recombination rate is defined as a function 
 0 ( )
eL
f w R x
I
 .  Referring to Equation (4.1.8), Ip-In is related to the integration of R, 




f w f u du  .  The 
function f1(w) is equal to the normalized hole-to-electron current difference 
( ) ( )
2




which can be proved by using Equation (4.1.8).  Since Ip(xm) = In(xm) at the position x = 
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xm , it means f1(wm) = 0.  Thus wm is used as the initial value of the integration.  Referring 
to Equation (4.1.7), 2G fb( )V V    is related to the integration of Ip-In, therefore a 
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   , which can be proved by using Equation 
(4.1.7).  Moreover, a function fψ is defined in terms of the function f2:   2 ( )f w f w   









    .  Similarly, since  (xm) = VG-Vfb at the position 
x = xm , it gives fψ(wm) = 0 and f2(wm) = 0.  Thus wm is used as the initial value of the 
integration, too.  In summary, the normalized functions f1, f2, fψ are defined in terms of 
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In addition, the normalized functions f0, f1, f2, fψ have the formulae: 
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The CNT potential ψ and the carrier densities n and p referring to Equations (4.1.5) and 
(4.1.6) can be written in terms of the normalized functions fψ and f1, 
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Similarly, the linear charge density , longitudinal electric field Fx , and electron and hole 
carrier currents In and Ip can be written in terms of the normalized functions fψ and f1 as 
well, 
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Therefore, the carrier continuity equation of Equation (4.1.10) can be normalized as [88] 
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4.2 Approach of Analytic Calculation for Optical Emitters 
 
 For the optical emitters based on CNT FETs, nonradiative recombination is much 
stronger than radiative recombination, as evidenced by the low measured quantum 




 photons per injected e-h pair [44].  Therefore, the 
transport properties, such as the CNT potential and carrier densities, are determined here 
assuming only nonradiative recombination.  In this chapter, Shockley-Read-Hall (SRH) 
recombination, band-to-band nonradiative recombination (BBN), and Auger 
recombination are considered.  Expressions for the nonradiative recombination rates Rnr 
and the coefficients are listed in Table 3.1.   
The optical properties, in turn, are calculated based on the transport properties thus 
obtained.  Optical emission is generated by band-to-band radiative recombination (BBR) 
of electrons and holes, the radiative recombination rate Rr is equal to BBBR(np-ni
2
), where 
BBBR is the band-to-band radiative recombination coefficient [50, 51, 60].  Then the 




g rE R x dx , in which Eg is the CNT band-
gap.  The quantum efficiency of Rr/R is computed as BBBR/(BBBR+BBBN), i.e., the ratio of 
the radiative to the total coefficients (radiative and nonradiative) of band-to-band 
recombination. 
 The carrier continuity equation of Equation (4.1.20) is a differential equation.  
This differential equation is solved analytically as follows.  (a) An initial guess assuming 
a simple form for the nonradiative recombination-rate profile, i.e. f0(w), is made.  (b) 
Both the function f2(w) and device current I1 of the first iteration are computed 
simultaneously by integrating Equation (4.1.20) with suitable boundary conditions, and 
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then the functions fψ(w) and f1(w) can be obtained.  (c) Thus n(x) and p(x) of the first 
iteration are obtained by using Equations (4.1.14) and (4.1.15).  (d) The nonradiative 
recombination rate R(n,p) of the first iteration is then calculated.  One then iterates (a) to 
(d) to obtain the device current for the ith iteration until Ii is converged.  If I2 is close to 
I1, then only a single iteration is sufficient.  Assuming the first iteration is good enough, 
the analytic forms of ψ(x), n(x), and p(x) are obtained in terms of fψ(w) and f1(w) in 
Equations (4.1.13) to (4.1.15).  Moreover, the analytic forms of (x), Fx(x), In(x), and Ip(x) 
are computed in terms of fψ(w) and f1(w) in Equations (4.1.16) to (4.1.19). 
 
4.3 Analytic Calculation of Electronic and Optical Properties of Optical Emitters 
 
 Since Rnr have approximate first-, second-, or third-order dependences on the 
carrier densities, we define the order η as 1, 2, or 3 for SRH, BBN, or Auger 


















   (4.3.1) 
The recombination parameter Bη is defined as τSRH
-1
, BBBN, or BAuger for SRH, BBN, or 
Auger, respectively.  Therefore, the nonradiative recombination rate is approximately as 














The radiative decay rate is approximately 
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Because we have 
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 where f1 = f2 = 0 but f0 ≠ 0 at wm, we may take derivatives in both the numerator and 





  .  Then 0r
dR
dx
  at xm, and xm is thus shown to be the 
position Rr of the maximum in which p = n,  = 0 and  = VG-Vfb.  Therefore, the 
emitted-light position is assumed as xm.  This phenomenon was observed in our published 

















  at wm, while the maximum value of |Fx| is given as 
 0x max
2 ( )mf w IF
CL
  






 at wm.  
 When the channel length exceeds the recombination length, essentially all 
injected carriers recombine within the channel.  Outside the recombination region the 
minority carrier densities are negligible, and thus recombination is negligible there.  The 
minority carrier currents are also negligible, and the majority carrier currents are equal to 
the device current due to the current conservation.  According to Equations(4.1.12) this 
means that outside the recombination region f0 ≈ 0, and f1 ≈ ½ for w > wm and -½ for w < 
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wm.  Moreover, outside the recombination region f2 is approximated as ½|w-wm|-β, where 
the integration parameter β depends on the recombination profile.  Substituting these 
values into Equations (4.1.13), (4.1.16), and (4.1.17) gives 
 






























 ( ) | | 2 .ma x x x L    (4.3.5) 




.  If an infinite recombination rate for electrons and 
holes is assumed, then the width of the recombination zone is ignored.  Thus β is zero, 
and the results in Equation (4.3.4) reduce to those of Reference [49].  The effect of the 
metal-CNT interfaces is simplified to a constant voltage drop Vc, which is the same at 
both (S and D) contacts, i.e., ΔVs = ΔVd = Vc.  The resulting boundary conditions (BCs) 
are S = Vc and VD-D = Vc, where S is the CNT potential at S and D is the CNT 
potential at D [49, 51].  The BCs are expressed as 








     (4.3.6) 








       (4.3.7) 
The current I is obtained by summing the squares of Equations (4.3.6) and (4.3.7) to 
eliminate the dependence on xm, and the emitted-light position xm is obtained by taking 
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the quotient of the square of Equation (4.3.6) and the sum of the squares of Equations 
(4.3.6) and (4.3.7) to eliminate I, 
 2 2G fb c D G fb c( ) ( ) ,
2 (1 4 )
C









(1 4 )( )
 2 .
( ) ( )
G fb c
G fb c D G fb c
L V V V
x L





     
 (4.3.9) 
If β = 0, the foregoing equations reduce to those of Reference [49].  For constant VD, the 
I-VG curve is parabolic, and the minimum I occurs at the center of symmetry, i.e. VG-Vfb = 
½VD; then xm = ½L. 
 The emitted light-spot size Sspot is defined as the spot’s full-width at half 
maximum (FWHM) with respect to Rr, while  is the FWHM with respect to initial guess 





iniI e R x dx   is assumed to be I.  Substituting the initial guess Rini into the integral, f0 





( ) 1.f w dw   (4.3.10) 
Since f0 scales as w
-1






, respectively.  In the 




nrI e R x dx   is assumed as I1 (= I).  Substituting Rnr into 














   
 




h dw  scales as w
1+η/2
, and Sw scales as w
1






( ) .h w dw g S  
  (4.3.12) 
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 Thus Sw and  can be calculated.  The emitted light-spot size Sspot is FWHM with respect 
to Rr, which is related to h2 due to Equation (4.3.3).  The FWHM of h2 scales as w
1
, 
therefore we define gfwhm such that the FWHM of h2 is equal to gfwhmSw; hence, Sspot = 
gfwhm.  By integrating Rr(x) from 0 to L over x, the emitted optical power Popt is 







  Thus, the emitted light-spot size Sspot and the emitted 
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 
 (4.3.14) 









































   (4.3.17) 






   (4.3.18) 
The emitted optical power of Equation(4.3.18) shows the conventional form including the 
quantum efficiency of BBBR/BBBN. This quantum efficiency is computed as BBBR/BBBN, i.e., 
 69 
the ratio of radiative to nonradiative coefficients of band-to-band recombination of 
electrons and holes.  In the organic ambipolar light-emitting FETs, bimolecular 
recombination of injected electrons and holes involves the formation and recombination 
of excitons and exciton formation has the same form as that for η = 2.  Moreover, the 
width of the recombination zone shows the same scaling formula as Equation (4.3.17) 
[88, 89].  
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.  For the analytic powers of the parameters in both Sspot and Popt are summarized 
in Table 4.1.  When the mobility μ is increased, the carrier velocity also increases, and the 
recombination region increases, and thus both Sspot and Popt become larger.  Increases in 
BBBN or BAuger or decreases in τSRH all lead to increases in the recombination rates, and the 
carrier densities decrease rapidly with x, leading to a decrease in both Sspot and Popt.  
Because of the value of 1/(2+η), the powers of μ, C, and I in both Sspot and Popt are largest 
for SRH recombination (η = 1) and smallest for Auger recombination (η = 3).   
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 Bη is defined as τSRH
-1
, BBBN, BAuger for SRH, BBN, or Auger, respectively. 
Sspot SRH BBN   Auger Popt SRH BBN   Auger    
Bη 
i
    -
3
2
    -
2
1
    -
5
2
              -
3
4




μ         
3
2
     
2
1
      
5
2
               
3
4




C         0     -
2
1
     -
5
4




I          
3
1
      0      -
5
1
                
3
5







 Similarly, since β scales as w
1





  .  In order to calculate Sspot and Popt by using Equations (4.3.13) and 
(4.3.14), the values of the parameters g1, g2, etc., have to be computed. We find that the 
values of gη depend on the initial guess f0.  For example, if f0(w) is assumed to be a 
rectangular function with a FWHM of Sw, i.e., 
  0
1




















( )f w dw  = 1.  We analytically calculate g1 = 0.118, g2 = 0.0833, 
g3 = 0.0589, gfwhm = 0.707, gb = 0.125, shown in Chapter 4.4.  If f0 is a Gaussian with a 




2( )2 ln 2






    
   
 (4.3.22) 




( )f w dw  = 1, we numerically calculate g1 = 0.192, g2 = 0.156, 
g3 = 0.13, gfwhm = 1.12, gb = 0.17.  In the following analytic calculation in the later 
chapter, the normalized recombination rate f0 is chosen to be a Gaussian.   




 is obtained as 
1
 1
1 0.6 /spotS L


; therefore, the current equation (4.3.8) 
can reduce to that of Reference [49], which means that the current is not sensitive to the 






 , the maximum value of electric field |Fx| can be obtained. 
 The advantage of the analytical approach is that the relationship and the scaling 
are clearly depicted.  In particular, the electronic and optical properties, such as the 
device current, emitted light-spot size and emitted optical power, are clearly shown in 
terms of the some parameters in the foregoing equations.  We find that the emitted light-
spot size and the optical power are indeed sensitive to the operative nonradiative 
recombination mechanisms.   
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4.4 Analytic Calculation of Parameters g1, g2, g3, gfwhm, and gb for the Rectangular 
Function f0 
 
 The rectangular function f0(w) with a FWHM of Sw, is described by Equation 
(4.3.21).  Since f0 is the normalized recombination rate of electrons and holes, the initial 
guess of the nonradiative recombination rate is rectangular inside the recombination zone, 





f u du , which is obtained as 
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f1(w) is linear inside the recombination zone, and is constant outside the recombination 
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Since fψ is the normalized function of the CNT potential, ψ(x) is a linear function inside 
the recombination zone, and is a square-root function outside the recombination zone.  







( ) , for  ,
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Since the nonradiative and radiative recombination are in terms of hη and h2, respectively, 
the recombination rates of the first iteration are parabolic inside the recombination zone, 
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   
by using Equation (3.22) the value of gη is given as /2
1
6 2
.  Hence the values of 
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At w = wm the maximum value of h2(w) is equal to 
8
wS , while at w = wm±
2 2
wS  the value 
of h2(w) is equal to 
16
wS .  Thus the FWHM of h2 is equal to 
2
wS , which is assumed as 





g    (4.4.7) 
Since outside the recombination region f2 is equal to m
1
2 8




w w   . Thus β = 
8






g    (4.4.8) 
 
4.5 Conclusion of the Analytic Calculation for Optical Emitters Based on Carbon-
Nanotube Field-Effect Transistors 
 
In conclusion, a new analytic diffusive-transport model for various recombination 
mechanisms is provided for the first time.  The focus is on the effects of radiative and 
nonradiative recombination in the channel, with the movement of the spatial 
recombination profile in response to the gate and drain voltages calculated analytically, 
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which provides physical insight not afforded by purely numerical approaches.  The 
relationship and the scaling are clearly depicted for the first time.  In particular, the 
electronic and optical properties, such as the device current, emitted light-spot size and 
emitted optical power, are clearly shown in terms of the some parameters in the foregoing 
equations.  Nonradiative recombination is shown to play a decisive role in the transport 
characteristics.  For the first time, we find that the emitted light-spot size and the optical 
power are indeed sensitive to the operative nonradiative recombination mechanisms. 
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CHAPTER 5 
NUMERICAL CALCULATION FOR OPTOELECTRONIC 
DEVICES BASED ON CARBON-NANOTUBE FIELD-EFFECT 
TRANSISTORS 
 
 For optical emitters and photodetectors based on CNT FETs, the system of 
differential equations with boundary conditions, in general, cannot be solved explicitly.  
The solution has to be calculated by numerical approaches.  In this chapter the numerical 
approach for the system of differential equations consists of three tasks [90].  First, the 
domain of the simulation is partitioned into a finite number of subdomains, and the 
solution can be approximated with a desired accuracy.  Secondly, the differential 
equation in each of the subdomains is approximated by algebraic equations involving 
only values of the continuous dependent variables at discrete point and involving the 
chosen functions, which approximate the dependent variables within each of the 
subdomains.  In that way one obtains a system of nonlinear algebraic equations with 
unknowns comprised of dependent variables at discrete point.  Thirdly, the solution of 
this system of nonlinear algebraic equations is calculated numerically.  There are many 
classical methods for the partitioning of the domain (discretization) and the choice of 
functions to approximate the dependent variables within the subdomains.  Both the finite 
difference method and finite element method can approximate the differential equations 
into the discretized equations.  There are two approaches for the finite differences; the 
first is the finite difference method, in which the differential operators are directly 
replaced by difference operators, and the second is the box integration method, in which 
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the differential equation is integrated over each of the subdomains [90, 91].  The same 
discretized equations are obtained by both methods [90].  In Chapter 5.1 the approach of 
the box integration method is adopted to derive difference approximations for the 
electron and hole differential continuity equations, while in Chapter 5.3 the approach of 
finite difference method is applied to the exciton differential continuity equation.  In the 
following subchapters the numerical approach for the optical emitters without exciton 
formation is studies in Chapter 5.1 and 5.2, while the numerical approach for the 
photodetectors including exciton formation is presented in Chapter 5.3.  The calculation 
in this chapter is implemented by using the object-oriented C++ programming language 
in order to compute the numerical solutions. 
 The discretized equations for optical emitters based on CNT FETs without 
exciton formation are given in Chapter 5.1, and the solution of a system of discrete 
equations for optical emitters without exciton formation is given in Chapter 5.2.  The 
numerical approach for photodetectors including exciton generation is given in Chapter 
5.3.  The conclusion of the numerical calculation for optoelectronic devices based on 
CNT FETs is shown in Chapter 5.4. 
 
5.1 Discretized Equations for Optical Emitters Based on Carbon-Nanotube Field-
Effect Transistors without Exciton Formation 
 
 In optical emitters based on long-channel ambipolar CNT FETs, the area of strong 
electron–hole recombination, and hence the region of light emission, can be controlled by 
varying the gate and drain voltages [42, 49].  Two numerical models with diffusive 
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transport and carrier recombination were developed for long-channel devices in order to 
calculate the emitted light-spot movement [50, 60].  The radiative mechanism is assumed 
as the band-to-band recombination of injected electrons and holes.  Radiative 
recombination was assumed to be dominant; however, the importance of nonradiative 
recombination is indicated by the low measured quantum efficiency of the light output, 




 [44].  The new model accounting for both radiative and 
nonradiative recombination, allowing for several mechanisms [51], was presented in 
Chapter 3.  An analytic diffusive-transport model is already described in Chapter 4.  In 
this Chapter 5.1 the numerical diffusive-transport approach for the light emission based 
on band-to-band radiative recombination with various nonradiative recombination 











Figure 5.1. The adopted nomenclature for finite differences. 
x 
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 In the classical method of finite differences, the two-dimensional domain is 
partitioned into rectangular subdomains by a mesh that is a set of meshlines parallel to 
the coordinate axes.  In the optical emitters and photodetectors the dependent variables, 
such as the CNT potential, electron and hole densities, exciton density, and 
recombination rates, are in the one-dimensional domain along the CNT axis.  In this one-
dimensional case, the meshlines intersect the CNT axis at the node points.  The adopted 
nomenclature for finite differences is shown in Figure 5.1.  Each discrete node point is 
depicted by the symbol j, and the values of unknown dependent variables at each node 
point j need to be solved.  The xj is assumed to be the distance from the source S along 
the carbon-nanotube axis.  The first (j = 0) and the last (j = N) node points coincide with 
the boundaries close to the source S and drain D, respectively.  Thus the total number of 
node points is N+1.  The following abbreviation is used: 
 1 , 0,1,..., 1.j j jh x x j N     (5.1.1) 
For flexibility in the numerical calculations, non-uniform meshes are used, that is hj is not 
necessarily constant.  The areas encircled by the dashed lines around the node point j 
depict the subdomains.  The box integration method is used to render the differential 
equations into discretized equations.  The differential equation is integrated over each of 
the subdomains respected to the node points inside the boundaries 
 
1





x x x j N
 
       
 
 (5.1.2) 
The symbols of j = 0 and j = N indicate the boundary node points, while the symbols of j 
= 1, 2,..., N-1 depicts the node points inside the boundary.  The differential continuity 




( ) ( ) 0.n
dI x
G x R x
e dx
     
Remember that the positive carrier currents In and Ip are defined from D at x = L to S at x 
= 0.  The electron continuity equation is integrated over each of the subdomains DOMj 

















    
 
  (5.1.3) 
The symbols j-½ and j+½ indicate the boundary points of the integration box upon the 
node point j, which locate at x = xj–hj-1/2 and x = xj+hj/2 , respectively.  Assuming that the 
electron and hole generation and recombination rates are constant within the integration 
subdomain DOMj, we obtain 





n j n j j j
h h





        (5.1.4) 
Similarly, the hole continuity equation of Equation (3.4.2) is integrated over each of the 
subdomains DOMj with respect to the node point j except the node points at the 
boundaries 





p j p j j j
h h





       (5.1.5) 
Using the longitudinal electrical field Fx(x) = ( )/x x  , the electron and hole drift-
diffusion currents of Equations (3.2.1) and (3.2.2) can be rewritten as 
 
( ) ( )
( ) ( ) ,n n
d x dn x
I x en x eD
dx dx

   (5.1.6) 
 
( ) ( )
( ) ( ) ,p p
d x dp x
I x ep x eD
dx dx

   (5.1.7) 
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in which əψ/əx is replaced by dψ/dx since the only longitudinal dependent variable x of 
the CNT potential ψ is interested.  The electron current In at the point j+½ is given as 
 , 1/2 1/2 1/2 , 1/2 1/2 .n j j j n j j
d dn
I e n eD
dx dx

       (5.1.8) 
Since the values, such as nj+1/2, (dn/dx)j+1/2, and (dψ/dx)j+1/2, do not locate in the node 
point j, the profile of the interpolation scheme for the unknown dependent variables n and 
ψ within each interval between the node point j and node point j+1 have to be chosen.  
Assuming that the profile of CNT potential ψ is a linear function of x within each interval 












  (5.1.9) 
The Scharfetter-Gummel approach [90, 92] is adopted for the profile of the interpolation 
scheme for the unknown dependent variable n.  The electron density within each interval 
is interpolated as 
   1 1( ) 1 ( , ) ( , ) , , ,j j j j j jn x g x n g x n x x x             (5.1.10) 
The growth function gj(x,ψ) in term of the exponential dependence on the CNT potential 




























in which gj(x,ψ) satisfies two conditions 
    1, 0, , 1,j j j jg x g x    
and Vt (= kBT/e) is the thermal voltage.  Thus n matches two boundary conditions 
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 1 1( ) , ( ) .j j j jn x n n x n    




















    
    
   
 (5.1.12) 
Be(x) is the Bernoulli function 
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     

     
    
   
 (5.1.15) 
Referring to Equation (3.2.3) based on the formula of Kroemer [58], for large carrier 
densities the Einstein relation in the degenerate semiconductors can be approximated as 
 (1 ),n t nD V    (5.1.16) 
with 
 2 3 41 2 3 42 3 4 , in degenerate semiconductors,n A A A A         (5.1.17) 
and ζ = n/Nc.  The values of Ai are obtained in Equation (3.2.4) where the Fermi-Dirac 
integral of order -½ is applied to one-dimensional case by using the similar procedure of 
Joyce and Dixon [51, 59].  Notice that in the nondegenerate semiconductors for 
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3/ cn N e
 , we obtain δn << 1, and then the Einstein relation in nondegenerate 
semiconductors is hold.  Hence Dn,j+1/2 is obtained as 
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Substituting Equations (5.1.9), (5.1.12), (5.1.15), and (5.1.18) into Equation (5.1.8), the 
value of In,j+1/2 is given as the nonlinear algebraic form in terms of the values of the 
unknown dependent variables n and ψ at the node points j and j+1:   
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        
       
       
(5.1.19) 
Similarly, the value of In,j-1/2 is given as the nonlinear algebraic form in terms of the 
values of the unknown dependent variables n and ψ at the node points j and j-1.  
Replacing j by j-1, we obtain 
 , 1/2 1/2 1/2 , 1/2 1/2 ,n j j j n j j
d dn
I e n eD
dx dx




































    
    













dx h V V
     


     
    




, 1/2 , 1/2
2 3 4




2 3 4 ,
,
n j t n j









    

 






















Be Be exp .
2
j j j j j jt
n j j n j
j t t t
j j j j j jt
j n j
j t t t
e V
I n
h V V V
e V
n
h V V V
     









        
       
       
        
       
       
(5.1.25) 
Similarly, the hole currents Ip,j+1/2 and Ip,j-1/2 are given as 
 , 1/2 1/2 1/2 , 1/2 1/2 ,p j j j p j j
d dp
I e p eD
dx dx

       (5.1.26) 
 , 1/2 1/2 1/2 , 1/2 1/2 .p j j j p j j
d dp
I e p eD
dx dx

       (5.1.27) 
The hole density within each interval in terms of the growth function gj(x,-ψ) is 
interpolated as 
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The values of Ip,j+1/2 and Ip,j-1/2 are given as the nonlinear algebraic form, 
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(5.1.35) 
Substituting Equations (5.1.19) and (5.1.25) into Equation (5.1.4), the discrete equation 
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Similarly, substituting Equations (5.1.34) and (5.1.35) into Equation (5.1.5), the discrete 
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Notice that in nondegenerate semiconductors, both δn and δp are neglected, Equations 
(5.1.36) and (5.1.37) are reduced to the formula in Reference [90]. 
For numerical calculation it is convenient to take the normalized forms.  By 
choosing the values of Cnor [cm
-1
] for the carrier densities and Vnor [V] for the CNT 
potential, the normalized forms are introduced as 
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 , , , , ,tt
nor nor nor nor
Vn p h
n p h V
C C V L V

      (5.1.38) 
Equation (5.1.36) is multiplied by L/CnorμVt to obtain the normalized nonlinear algebraic 
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Similarly, Equation (5.1.37) is multiplied by L/CnorμVt to obtain the normalized nonlinear 
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 Since exciton formation is neglected, the generation rate of electron-hole pairs is 
assumed to be zero.  In optical emitters based on the ambipolar CNT FETs the 
recombination mechanism of electrons and holes can be radiative or nonradiative, and 
nonradiative recombination is much stronger than radiative, as evidenced by the low 
measured quantum efficiency, as mentioned above.  Assuming light emission generated 
by band-to-band radiative recombination (BBR) of electrons and holes, the radiative 
recombination rate Rr is expressed as BBBR(np-ni
2
), where BBBR [cm/s] is the band-to-band 
radiative recombination coefficient [50, 51, 60].  When defects and impurities exist, e.g. 
at the CNT-insulator interface, Shockley-Read-Hall (SRH) recombination is important.  
Band-to-band nonradiative recombination (BBN), and Auger recombination are 
considered as well.  Expressions for the nonradiative recombination rates Rnr and the 
coefficients chosen are listed in Table 2.1 [51], in which the coefficient values of τSRH, 
BBBN, and BAuger were chosen to yield light-spot sizes in agreement with the experimental 
data of Reference [42].  The total recombination rate of electrons and holes is given as R 
 89 
= Rr+Rnr.  Therefore, at node point j the value of Gj is zero, and the value of the 
recombination rate of electrons and holes is given as 
 , , .j r j nr jR R R   (5.1.42) 
In the Equations (5.1.39) and (5.1.41) the normalized recombination rate is given as 
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 In order to calculate the CNT potential ψ, in general, Poisson’s equation has to be 
solved. For long-channel CNT FETs the longitudinal electric field Fx is a much more 
gradual function of position than the transverse electric field, and thus the GCA can be 
invoked as a simplified model for Poisson’s equation, as mentioned in Chapter 3.  The 
local carrier density is simply related to the gate-capacitance and the voltage drop across 
the gate insulator.  The relationship is shown in Equation (3.1.1) and is rewritten here for 
convenience 
 G fb[ ( ) ( )] [ ( ) ( )],C x V V e p x n x      (5.1.46) 
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where C is the linear gate-to-channel capacitance, and Vfb is the flat-band voltage.  The 
normalized discrete equation fψ,j for the CNT potential ψ at the node point j is expressed 
as 
  G fb, 0, 1,2,..., 1.nor jjj j
nor nor
V V eC




        (5.1.47) 
 Three discrete equations, Equations (5.1.39),  (5.1.41), and (5.1.47) are obtained 
in terms of three unknown dependent variables, the CNT potential ψ, electron density n, 
and hole density p.  For the differential continuity equation of electrons, one boundary 
condition is necessary for each contact.  Similarly, for the differential continuity equation 
of holes, another boundary condition is necessary for each contact.  Therefore, two 
boundary conditions for the source and two boundary conditions for the drain are 
required.  In CNT FETs the metal-CNT interfaces form the Schottky barriers.  In our 
model their effect is simplified to a constant voltage drop independent of the current, and 
the values of the voltage drops across the contact/channel interfaces are assumed to be the 
same value Vc at both (S and D) contacts [49, 51], 
 .s d cV V V     (5.1.48) 
Referring to Equations (3.1.3) and (3.1.4), the relationship between the terminal voltages 
and the CNT potential  shows the boundary conditions at S and D: 
 , at the source,S S cV V    (5.1.49) 
 , at the drain,D D cV V   (5.1.50) 
where S is the CNT potential at S and D is the CNT potential at D.  In the discrete 
equations, ψS and ψD are described as ψ0 and ψN, respectively.  The discrete boundary 
conditions are given as 
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 0 , and ,S c N D cV V V V      (5.1.51) 
and the normalized forms fψ,0 and fψ,N of the discrete boundary conditions are given as 








    (5.1.52) 









    (5.1.53) 
When the channel length exceeds the recombination length, essentially all injected 
carriers recombine within the channel.  Hence, electrons injected from S fully recombine 
with the holes in the channel and the electron density is negligible at D.  Similarly, holes 
injected from D do not reach S.  The boundary conditions are given as 
 0 and 0,D Sn p   (5.1.54) 
and the normalized forms fn,N and fp,0 of the discrete boundary conditions are given as 
 , 0, at the drain,Nn Nf n   (5.1.55) 
 ,0 0 0, at the source.pf p   (5.1.56) 
Notice that fψ,0, fψ,N, fn,N, and fp,0, all show Dirichlet type of boundary conditions.  Since 
Equation (5.1.46) of the GCA can be applied to the boundary node points j = 0 and j = N, 
the normalized forms fn,0 at the source and fp,N at the drain are given as 
  0,0 0, at the source,n S c G fb
nor
C
f n V V V V
eC
       (5.1.57) 
  , 0, at the drain,p N D c G fbN
nor
C
f p V V V V
eC
       (5.1.58) 
where Equations (5.1.51), (5.1.55), and (5.1.56) are used. 
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The Bernoulli function Be(x) of Equation (5.1.13) has to be implemented very 
carefully for numerical computation.  The approximation of the Bernoulli function is 












































and the values of parameters are chosen as [91] 
 7 71 2 3 4 536, 8 10 , 2 10 , 36, 746.x x x x x
            (5.1.60) 
The value of Be(-x) can be used as 
 Be( ) Be( ).x x x    (5.1.61) 
 
5.2 The Solution of a System of Discrete Equations for Optical Emitters without 
Exciton Formation 
 
 In last subchapter the discretization of the differential equations yields a system of 
nonlinear algebraic equations with the values of dependent variables at the discrete node 
points j = 0, 1,…, N-1, N.  The total number of the discrete unknown variables ψ, n, and p 
are 3(N+1).  Inside the boundary the number of the discrete equations of fn,j, fp,j, and fψ,j, 
are 3(N-1), while at the boundary node points the number of the equations, including fn,0, 
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fp,0, fψ,0, fn,N, fp,N, and fψ,N, are 6.  Therefore, with the 3(N+1) unknowns and 3(N+1) 
equations the system of nonlinear algebraic equations can be computed self-consistently.  
The solution of the unknown dependent variables nj, pj, and ψj is arranged together as a 
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x F  (5.2.1) 
The system of the discrete nonlinear algebraic equations is expressed as 
 ( ) 0.F x  (5.2.2) 
In general, only iterative methods are applicable for the solution of Equation (5.2.2).  The 
multi-variable Newton’s method is adopted to implement the calculation [90, 91].  The 
solution for the iterative method is given as 
    
1
1 ,k k k k

   x x J x F x  (5.2.3) 
in which J is the Jacobian matrix, and k (= 0, 1, 2,…) is the iterative step.  In order to 
avoid the expensive inversion of J we use instead: 
   ( ),k k k  J x Δx F x  (5.2.4) 
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 1 .k k k  x x Δx  (5.2.5) 
First, for k = 0 the initial guess x
0




) are computed.  
Second, solve Equation (5.2.4) to obtain Δx
0
, and then update the solution x
1
 by using 




), solve Equation (5.2.4) again, and 
update the solution x
2
.  Repeat the iteration until the termination criterion is reached, and 
thus the numerical solution of Equation (5.2.2) is obtained as x
k+1
.  Assume that the 
termination criterion is in terms of the norm value of F, 
  1 ,k ter F x  (5.2.6) 
where the small value of δter is the proper chosen absolute accuracy.  The Jacobian matrix 
J is given as 
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Since the function values at the node point j are only related to the values of the 
dependent variables at the node point j and the nearest neighbor node points j-1 and j+1, 





j j j j
t tV V
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  (5.2.9) 
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For to the node points inside the boundary, i.e., j = 1, 2,…, N-1, the elements of J are 
given as 
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and the other elements are zero, 
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The terms in the foregoing equations are given as 
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By replacing j by j-1, the terms of 
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 can be obtained, too.  Similarly, 
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By replacing j by j-1, the terms of 
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 can be obtained, too. 
The exciton formation is neglected, and thus Gj = 0.  The derivative terms related 
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and the other elements are zero. 
The derivative of the Bernoulli function has to be implemented carefully for 
numerical computation.  The derivative of Be(x) is given as [91] 
 
Be( ) 1 Be( )





    (5.2.40) 
In order to solve Equation (5.2.4) efficiently, the elements of the band-diagonal matrix J 
is stored by a compact form to save the memory, and the library of the band-diagonal 
solver is used to calculate the results of Δx
k
 [93]. 
 After the numerical solution x of the system of the discrete nonlinear algebraic 
equations of Equation (5.2.2) is obtained, the discrete values at the node point j of the 
dependent variables including the electron density nj, hole density pj, and CNT potential 
ψj are immediately obtained.  Therefore, the profiles of n(x), p(x), and ψ(x) can be 
illustrated.  The discrete electron and hole currents In,j and Ip,j at the node point j can be 
obtained by Equations (5.1.19) and (5.1.34), and then the carrier current profiles of In(x) 
and Ip(x) can be depicted.  Thus the total device current I is obtained as In+Ip.  Moreover, 
the discrete nonradiative recombination rate Rnr,j is calculated by using Equation (5.1.45) 
for various recombination mechanism, such as SRH, BBN, and Auger recombination.  
For light emission generated by band-to-band radiative recombination (BBR) of electrons 








g rE R x dx , in which Eg is the 
band-gap of the carbon nanotube.  Therefore, the profiles of Rr(x) and Rnr(x) can be 
obtained.  Furthermore, the profile of the longitudinal electric field, the position of light 
emission, and emitted light-spot size can be obtained, too. 
 
5.3 Numerical Approach for Photodetectors Based on CNT FETs Including Exciton 
Generation 
 
 In photodetectors based on CNTs, excitonic transitions dominate their optical 
absorption spectra, as mentioned above.  After the excitons are generated from 
photoexcitation, the excitons would ionize to free e-h pairs that are separated by the 
applied field.  With an applied drain-to-source voltage both electrons and holes are 
collected at two contacts, and thus produce a photocurrent.  The excitons also decay 
radiatively and nonradiatively.  The radiative decay will emitted the infrared light.  The 
forgoing mechanisms involve the continuity differential equation of the singlet excitons 
in carbon nanotubes, shown in Equation (3.7.2).  The numerical approach to solve the 
exciton continuity differential equation coupled with the electron and hole continuity 
differential equations will study in the following.  The finite difference method is used to 
derive the discrete algebraic equations for the continuity differential equation of the 
singlet excitons in Equation (3.7.2) [90].  In the steady state the finite difference is 
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By choosing the values of Cxnor [cm
-1
], the normalized form of exciton density is 























 to obtain the normalized algebraic equations fs,j of singlet excitons, which is 
expressed as 
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If the exciton diffusion is neglected, i.e., Dx = 0, the first three terms in the right-hand 
side are vanished.  The term Dxm is introduced in order to avoid the singularity, which 
can be divided by zero if Dx appears in the denominator.  In our study the incident light 
shines the part of the CNT channel but does not shine the contacts.  Thus the normalized 
discrete equations of the boundary conditions for the excitons at the node points j = 0 and 














In the photodetectors the excitons ionize to free e-h pairs, the exciton ionization 
rate is the generation rate of electrons and holes, which is given as rdnxs.   Another 
generation rate of the free e-h pairs by the interband transition through the phtoexcitation 
is given as Gbb, as mentioned above.  Therefore, the total generation rate G of electrons 
and holes is given as  
 .d xs bbG r n G   (5.3.5) 
The discrete value at the node point j is given as 
 , , .j d xs j bb jG r n G   (5.3.6) 
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The recombination of electrons and holes involves the exciton formation, and the 
recombination rate R of electrons and holes is given as 
 .xR B np  (5.3.8) 
The discrete value at the node point j is given as 
 .j x j jR B n p  (5.3.9) 
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The discretization of the differential equations yields a system of nonlinear 
algebraic equations with the values of dependent variables at the discrete node points j = 
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0, 1,…, N-1, N.  The total number of the discrete unknown variables ψ, n, p, and nxs are 
4(N+1).  Inside the boundary the number of the discrete equations of fn,j, fp,j, fψ,j, and fs,j 
are 4(N-1), while at the boundary node points the number of the equations, including fn,0, 
fp,0, fψ,0, fn,N, fp,N, fψ,N, fs,0, and fs,N are 8.  Therefore, with the 4(N+1) unknowns and 4(N+1) 
equations the system of nonlinear algebraic equations can be computed self-consistently.  
The solution of the unknown dependent variables nj, pj, ψj, and nxs,j is rearranged together 
as a column matrix x, while the discrete functions fn,j, fp,j, fψ,j, and fs,j is also rearranged as 
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The Jacobian matrix is J given as 
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The Jacobian matrix J is a band diagonal matrix, too.  The elements of the Jacobian 
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Moreover, the derivative terms related to the generation and recombination rates of 
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The other elements in the Jacobian matrix J are zeros. 
 Following the same procedure expressed in Chapter 5.2, the numerical solution x 
of the system of the discrete nonlinear algebraic equations of Equation (5.2.2) can be 
calculated.   The discrete values at the node point j of the dependent variables including 
the electron density nj, hole density pj, CNT potential ψj, and exciton density nxs are 
immediately obtained.  Therefore, the profiles of n(x), p(x), ψ(x), and nxs(x) can be 
depicted.  The electron and hole current profiles of In(x) and Ip(x) and the total device 
current I can be obtained, too.  The recombination and generation rates R and G of 
electrons and holes can be obtained as well. 
For photodetectors, the dark current Idark is defined as the device current without 
illumination, while the device current with illumination is expressed as Ilight.  The 
photocurrent Iph is defined as the difference between Ilight and Idark, i.e., Iph = Ilight-Idark [43, 
94, 95].  Since the absorption spectra of CNTs depend on the incident photon energies, 
and thus the photocurrent spectra in the photodetectors based on CNT FETs depend on 
the photo-excitation energies [21].   
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5.4 Conclusion of the Numerical Calculation for Optoelectronic Devices Based on 
Carbon-Nanotube Field-Effect Transistors 
 
 In conclusion, we provide a numerical diffusive-transport approach for the light 
emission based on band-to-band radiative recombination with various nonradiative 
recombination mechanisms but neglecting exciton formation.  In photodetectors based on 
CNT FETs, excitonic transitions dominate their optical absorption spectra since electron 
confinement in the quasi-one-dimensional structure of CNTs leads to the formation of 
strongly bound exciton states.  We provide a numerical diffusive-transport approach for 
photodetectors in order to solve the exciton continuity equation coupled with the electron 
and hole continuity equations.  Therefore, in numerical approaches the systems of 
differential equations with boundary conditions are presented for both optical emitters 
and photodetectors.  There are two approaches for the finite differences to obtain the 
discretized equations; the first is the finite difference method, in which the differential 
operators are directly replaced by difference operators, and the second is the box 
integration method, in which the differential equation is integrated over each of the 
subdomains [90, 91].  The same discretized equations are obtained by both methods.  In 
this study the approach of the box integration method is adopted to derive difference 
approximations for the electron and hole differential continuity equations, while the 
approach of finite difference method is applied to the exciton differential continuity 
equation.  The Scharfetter-Gummel approach [90, 92] is adopted for the profile of the 
interpolation scheme for the electron and hole densities.  In the drift-diffusion currents, 
for large carrier densities the Einstein relation in the degenerate semiconductors can be 
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approximated as the formula of Kroemer [58], while the Fermi-Dirac integral of order -½ 
is applied to one-dimensional case by using the similar procedure of Joyce and Dixon [51, 
59].  The discretization of the differential equations yields a system of nonlinear algebraic 
equations, which can be computed self-consistently.  The multi-variable Newton’s 
method is adopted to implement the calculation [90, 91].  The explicit forms of the 
Jacobian matrix related to the electron and hole continuity equations for the degenerate 
semiconducting CNTs are derived.  In order to solve efficiently, the elements of the band-
diagonal matrix J is stored by a compact form to save the memory, and the library of the 
band-diagonal solver is used to calculate the results [93].  The interesting electronic and 
optical properties such as the electron and hole densities, CNT potential, and exciton 
density can be solved immediately.  The other properties such as the device current, 
recombination rate and emitted optical power for the light emitters and the photocurrent 
for the photodetectors through the photoexcitation, in turn, can be obtained as well. 
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CHAPTER 6 
RESULTS FOR OPTICAL EMITTERS BASED ON CARBON-
NANOTUBE FIELD-EFFECT TRANSISTORS 
 
In optical emitters based on long-channel ambipolar CNT FETs, the area of strong 
electron–hole recombination, and hence the region of light emission, can be controlled by 
varying the gate and drain voltages [42, 49].  An analytical model based on diffusive 
transport and assuming infinite recombination rate for electrons and holes at the same 
location has been presented and applied to a very long-channel (60 m) CNT [49].  Due 
to the neglect of the finite recombination length, the transport characteristics and optical 
emission within the recombination region were not of immediate concern.  Numerical 
models with diffusive transport and carrier recombination were developed for long-
channel devices in order to calculate the emitted light-spot movement [50, 60].  Radiative 
recombination was assumed to be dominant; however, this assumption is ill justified.  
The importance of nonradiative recombination is indicated by the low measured quantum 
efficiency [44].  In order to understand the recombination-mechanism dependence of the 
transport characteristics and the optical emission of ambipolar CNT FETs more 
completely, a diffusive-transport model accounting for a radiative and several 
nonradiative recombination mechanisms was presented above in earlier chapters.  Inside 
the recombination region the carrier densities, radiative recombination rate, and emitted 
light spot size are here calculated for various recombination mechanisms.  The input data 
for optical emitters based on CNT FETs are given in Chapter 6.1.  Chapter 6.2 presents 
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the analytic results for optical emitters based on CNT FETs, while Chapter 6.3 gives the 
numerical results [51]. 
 
6.1 Calculation for Optical Emitters Based on Carbon-Nanotube Field-Effect 
Transistors 
 
 The ambipolar CNT FET modeled consists of an intrinsic semiconducting single-
wall CNT providing a 60 m long channel, source and drain Schottky contacts composed 
of Pd [42, 49], and a 100 nm thick SiO2 gate insulator.  Ambipolar FETs operate with one 
electron injecting (e-source) and one hole injecting (h-source) contact.  The e-source 
contact also acts as the drain for holes (h-drain) and the h-source contact acts as the drain 
for electrons (e-drain).  By using conventional n-channel FET terminology, we define the 
e-source as the source (S) and h-source as the drain (D), as mentioned above.  The 
applied gate (G) and drain (D) voltages, VG and VD, are measured with respect to the 
source (S) VS = 0.  Electrons are injected from S and accumulate in the CNT near S for 
positive VG, while holes are injected from D and accumulate near there for negative VG-
VD.  This defines the ambipolar operating regime.  A zigzag (17,0) CNT is chosen in 
order to compare the calculated results with published experimental data [49].  The CNT 
diameter dcnt is computed as 1.35 nm by using Equation (2.1.1) with the carbon-carbon 
bond length aCC = 0.144 nm [3].  The constant low-field mobility  is calculated as 
27,600 cm
2
/Vs by using Equation (3.3.1) [9].  The insulator capacitance C is computed as 
0.381 pF/cm by using Equation (3.1.2) with the relative dielectric constant of SiO2, εox = 
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3.9.  The value of the quantum capacitance can be estimated as 4 pF/cm [41, 57].  Since 
the quantum capacitance is much larger than the insulator capacitance, the total 
capacitance can be approximated as the insulator capacitance of CNT FETs, as 
mentioned above.  The averaged electron effective mass me
*
 is 0.0568m0 obtained from 
eτ/, in which the average momentum relaxation time τ is 0.89 ps [13], and therefore Nc = 
0.222 nm
-1
.  Although τ varies with the carrier density [13], we have verified that the 
device current does not depend significantly on me
*
 within the relevant density range.  In 
CNT FETs the metal-CNT interfaces form the Schottky barriers.  In our model their 
effect is simplified to a constant voltage drop independent of the current, and the values 
of the voltage drops across the contact/channel interfaces are assumed to be the same 
value Vc at both (S and D) contacts [49, 51], i.e., ΔVs = ΔVd = Vc.  For VD = 15 V a 
constant voltage drop Vc of 5.5 V and the flat-band voltage Vfb of 5.5 V were extracted 
from the experimental data in earlier work [49].  Nonradiative recombination is much 
stronger than radiative, as evidenced by the low measured quantum efficiency of 10
-7
 
photons per injected e-h pair [44].  Shockley-Read-Hall (SRH) recombination, band-to-
band nonradiative recombination (BBN), in which phonons are emitted, and Auger 
recombination are considered here.  Expressions for the nonradiative recombination rates 
Rnr and the values of coefficients chosen are listed in Table 6.1.  The coefficient values 
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Optical emission is generated by band-to-band radiative recombination (BBR) of 
injected electrons and holes.  The radiative recombination rate Rr is obtained as BBBR(np-
ni
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g rE R x dx , in which Eg is the CNT band-gap, as mentioned above.   
 
6.2 Analytic Results for Optical Emitters Based on Carbon-Nanotube Field-Effect 
Transistors 
 
 For optical emitters based on long-channel ambipolar CNT FETs, an analytic 
model based on diffusive transport and neglecting the recombination length has been 
presented and applied to very long-channel (60 m) CNT FETs, but the spatial size of the 
optical emission region and emitted optical power were not considered in Ref. [49].  The 
physical origin of important effects may be difficult to trace from a purely numerical 
approach.  A new analytic model accounting for both radiative and nonradiative 
recombination, allowing for several recombination mechanisms, has been presented in 
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Chapter 4, thereby enabling a clearer understanding of the dependence of the transport 
and optical properties on the various nonradiative recombination mechanisms.  
Nonradiative recombination is much stronger than radiative; therefore, the transport 
properties and carrier densities are determined by assuming only nonradiative 
recombination.  The optical properties, in turn, are calculated based on the transport 
properties thus obtained, as presented in Chapter 4.  In particular, the current, radiative 
recombination rate, emitted light-spot size, and emitted optical power are all calculated 
analytically. 
 The analytic formula calculated for transport and optical properties in optical 
emitters are presented in Chapter 4.  In the following analytic calculation, the normalized 
recombination rate f0 is chosen to be a Gaussian.  Figure 6.1 shows the current I as a 
function of VG for VD = 15 V in a CNT FET with a semiconducting zigzag CNT (17,0) 
with L = 60 μm by using Equation (4.3.8).  The solid line is for SRH recombination, the 
dashed line is for BBN recombination, and the dash-dot line is the result of the analytic 
model of Ref. [49].  The two analytic results for I coincide, and are close to the dash-dot 
line.  These analytic results are in agreement with the experimental data in Ref. [49] if the 
experimentally observed hysteresis is neglected.  When VG = 13 V, VG and VD satisfy the 
symmetric condition VG-Vfb = 7.5 V and VG-Vfb-VD = -7.5 V, with VG-Vfb = ½VD, a 




Figure 6.1.  Current I as a function of VG for VD = 15 V in a CNT FET with a 
semiconducting zigzag CNT (17,0) with L = 60 μm by using analytic formula.  The solid 
line is for SRH recombination, the dashed line is for BBN recombination, and the dash-
dot line is the result of the analytic model of Ref. [49]. 
  
 
Figure 6.2 shows the electron and hole densities n and p as functions of position x 
for various values of VG (VD = 15 V) by using Equations (4.1.14) and (4.1.15).  Figure 6.3 
shows the radiative recombination rate Rr as a function of position x for various values of 
VG (VD = 15 V).  Figure 6.4 shows the CNT potential ψ as a function of position x for 
various values of VG (VD = 15 V) by using Equation (4.1.13).  In Figure 6.2 to 6.4, the 
solid lines are for SRH recombination, and the dashed lines are for BBN recombination.  
When the channel length exceeds the recombination length, essentially all injected 
carriers recombine within the channel.  Hence, electrons injected from S fully recombine 
with the holes in the channel and the electron density is negligible outside the 
recombination region, as shown in Figure 6.2.  Similarly, holes injected from D fully 
recombine with the electrons in the channel and the hole density is negligible outside the 
recombination region as well.  In Figure 6.3, radiative recombination is negligible outside 
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the recombination region since the minority carrier densities are negligible.  Evidently, 
the position of the maximum Rr occurs where the electron density is equal to the hole 
density, i.e., where the linear charge density is zero.  When VG = 13 V, i.e., in the 
symmetric condition, n is equal to p at the channel center, and Rr is large there.  When VG 
< 13 V, the injected electron density is smaller and the injected hole density is larger.  
Therefore, the position, where n equals p, moves toward S, and the emitted light spot 
shifts accordingly.  In Figure 6.3, the values of Rr are smaller for the SRH recombination 
and larger for the BBN recombination, because the light spot is smaller for SRH and 
bigger for BBN recombination.  Since the maximum value of Rr is proportional to the 
current, the relationship Rr vs. VG exhibits similar trends as the I- VG curves.  In Figure 
6.4, the slope of the CNT potential ψ is greater inside the recombination region than 
outside, that is, the longitudinal electric field is enhanced inside the recombination region.  
When the VG < 13 V, the position, where n equals p, moves toward S, and the position of 






Figure 6.2.  Electron and hole densities n and p as functions of position x for various 
values of VG (VD = 15 V) by using analytic formula.  The solid lines are for SRH 





Figure 6.3.  Radiative recombination rate Rr as a function of position x for various values 
of VG (VD = 15 V) by using analytic formula.  The solid lines are for SRH recombination, 






Figure 6.4.  CNT potential ψ as a function of position x for various values of VG (VD = 15 
V) by using analytic formula.  The solid lines are for SRH recombination, and the dashed 
lines are for BBN recombination. 
  
 
Figure 6.5 shows the position xm as a function of VG for VD = 15 V using Equation 
(4.3.9).  The solid line is for SRH recombination, the dashed line is for BBN 
recombination, and the dotted line is from the analytic model of Ref. [49].  The two 
analytic results for xm coincide, and are close to the dotted line.  The analytic results are 
in agreement with the experimental data in Ref. [49], if the experimentally observed 
hysteresis is neglected.  When VG = 13 V, i.e., the symmetric condition, xm locates in the 
channel center.  When VG < 13 V, the position xm of the emitted light spot shifts toward S, 





Figure 6.5.  Position xm as a function of VG for VD = 15 V by using analytic formula.  The 
solid line is for SRH recombination, the dashed line is for BBN recombination, and the 
dotted line is from the analytic model of Ref. [49]. 
  
 
Figure 6.6 shows  (a) the light-spot size Sspot and (b) the emitted optical power Popt 
as functions of the current I for the symmetric condition VG-Vfb = ½VD for various 
nonradiative recombination mechanisms for VG = 13 V and VD = 15 V.  The calculated 
light spot size is consistent with the measured size 2~4 m [42].  The light-spot size Sspot 
is calculated by Equation (4.3.13), and the emitted optical power Popt is calculated by 
Equation (4.3.14).  The solid lines are for SRH recombination, the dashed lines for BBN 
recombination, and the dotted lines for Auger recombination.  For the analytic powers of 
the current I in both Sspot and Popt are summarized in Table 4.1.  The powers of I in both 
Sspot and Popt are largest for SRH recombination and smallest for Auger recombination.  
For BBN recombination (dashed lines), Sspot is not sensitive to the current I, while Popt 
depicts a linear relationship with current I since more emitted optical power is generated 
with increasing radiative recombination corresponding to the larger carrier densities for 
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the higher currents.  SRH recombination (solid line) depends approximately linearly on 
the carrier densities, but radiative recombination has a second-order relationship.  
Therefore, Sspot is larger for higher carrier densities, i.e. larger currents.  Similarly, Auger 
recombination (dotted line) is of third order in the carrier densities, thus Sspot is smaller 
for higher currents.  SRH recombination (solid line) has a larger slope in Popt-I curves 
than for BBN recombination (dashed line) due to the positive slope in Sspot-I curves, 
while Auger recombination (dotted line) shows the smaller slope in Popt-I curves, due to 




Figure 6.6.  (a) Light-spot size Sspot and (b) emitted optical power Popt as functions of the 
current I for VG-Vfb = ½VD for various nonradiative recombination mechanisms for VG = 
13 V and VD = 15 V.  The solid lines are the analytic results for SRH recombination, the 
dashed lines for BBN recombination, and the dotted lines for Auger recombination. 
  
 
 In conclusion, we implement an analytical transport model for optical emitters 
based on CNT FETs that accounts for a radiative and several nonradiative recombination 
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mechanisms in the conduction channel.  The focus is on the effects of radiative and 
nonradiative recombination in the channel, with the movement of the recombination 
profile in response to the gate and drain voltages being explored analytically.  We show 
that transport characteristics are essentially determined by nonradiative recombination.  
The emitted light-spot size and optical power are predicted to exhibit sensitive 
dependences on the operative nonradiative recombination mechanisms.  Analytic 
calculations for the transport and optical properties are in good agreement in all regions 
of the conduction channel.   
 
6.3 Numerical Results for Optical Emitters Based on Carbon-Nanotube Field-Effect 
Transistors 
 
 For optical emitters based on ambipolar CNT FETs, numerical models with 
diffusive transport and carrier recombination were developed for long-channel devices in 
order to calculate the emitted light-spot movement [50, 60].  Radiative recombination 
was assumed to be dominant; however, the central importance of nonradiative 
recombination is indicated by the low measured quantum efficiency [44].  In order to 
understand the transport characteristics and the optical emission of ambipolar CNT FETs, 
a diffusive-transport model accounting for a radiative and several nonradiative 
recombination mechanisms was presented in earlier chapters. The analytic results have 
been computed in Chapter 6.2.  The detail of the numerical calculation has been provided 
in Chapter 5; therefore, the numerical results for optical emitters based on CNT FETs 
will be presented in this Chapter 6.3 [51].  The effects associated with radiative and 
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nonradiative recombination of injected electrons and holes in the channel are considered, 
and the spatial dependence of the recombination profile on the gate and drain voltages is 
explored.  In particular, the current, radiative recombination rate, emitted light-spot size, 
and emitted optical power are all calculated numerically. 
 Figure 6.7 shows the current I as a function of VG for VD = 15 V in a CNT FET 
with a semiconducting zigzag CNT (17,0) with L = 60 μm.  The numerical results for 
SRH recombination, for BBN recombination, and for Auger recombination coincide and 
are shown in the solid lines, while the analytic results for SRH and for BBN coincide and 
are shown in the dashed lines.  The dotted line is the result of the analytical model of Ref. 
[49].  These numerical results (solid lines) are in excellent agreement with the 
experimental data in Ref. [49] if the experimentally observed hysteresis is neglected, but 
neglecting the non-zero length of the recombination region results in a current (dotted 
line) that is about 10 % lower.  When VG = 13 V, i.e., in the symmetric condition, a 





Figure 6.7.  Current I as a function of VG for VD = 15 V in a CNT FET with a 
semiconducting zigzag CNT (17,0) with L = 60 μm.  The numerical results for SRH 
recombination, for BBN recombination, and for Auger recombination coincide and are 
shown in the solid lines, while the analytic results for SRH and for BBN coincide and are 





Figure 6.8 shows the electron and hole densities n and p as functions of position x 
for various values of VG (VD = 15 V).  The solid lines are for SRH recombination, the 
dashed lines are for BBN recombination, and the dotted lines are for Auger 
recombination.  All three lines are close to each other.  Moreover, the analytic results in 
Figure 6.2 are close to the numerical results in Figure 6.8.  When the channel length 
exceeds the recombination length, essentially all injected carriers recombine within the 
channel.  Hence, electrons injected from S fully recombine with the holes in the channel 
and the electron density is negligible outside the recombination region.  Similarly, holes 
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injected from D fully recombine with the electrons in the channel and the hole density is 
negligible outside the recombination region, as mentioned above.  When VG = 13 V, i.e., 
the symmetric condition, n is equal to p at the channel center.  When the VG < 13 V, the 




Figure 6.8.  Electron and hole densities n and p as functions of position x for various 
values of VG (VD = 15 V) by using numerical calculation.  The solid lines are for SRH 




Figure 6.9 shows the electron and hole currents In (solid line) and Ip (dashed line) 
as functions of position x for BBN recombination for various values of VG (VD = 15 V).  
The minority carrier currents are negligible outside the recombination region since the 
minority carrier densities are negligible outside the recombination region.  The total 
currents are constant with respect to the position x due to the current conservation.  When 
VG = 13 V, i.e., the symmetric condition, In is equal to Ip at the channel center.  When the 
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VG < 13 V, the position, where In equals Ip, moves toward S due to the movement of the 
recombination region.  The total currents with respect to VG in Figure 6.9 have the same 
trend as the I-VG curves in Figure 6.7.  Figure 6.10 shows the electron drift and diffusion 
currents In,dri (solid line) and In,diff (dashed line), hole drift and diffusion currents Ip,dri 
(solid line) and Ip,diff (dashed line) as functions of position x for BBN recombination for 
VG = 13 V and VD = 15V, i.e., in the symmetric condition.  This provides evidence of the 
dominant role played by the drift currents.  Therefore, the assumption that only the drift 




Figure 6.9.  Electron and hole currents In (solid line) and Ip (dashed line) as functions of 






Figure 6.10.  Electron drift and diffusion currents In,dri (solid line) and In,diff (dashed line), 
hole drift and diffusion currents Ip,dri (solid line) and Ip,diff (dashed line) as functions of 





 Figure 6.11 shows the radiative recombination rate Rr as a function of position x 
for various values of VG (VD = 15 V).  The solid lines are for SRH recombination, the 
dashed lines are for BBN recombination, and the dotted lines for Auger recombination.  
The analytic curves of Rr in Figure 6.3 are close to the numerical ones in Figure 6.11.  
The position of the maximum Rr occurs where the electron density is equal to the hole 
density.  When VG = 13 V, i.e., in the symmetric condition, n is equal to p at the channel 
center, and Rr is large there.  When the VG < 13 V, the position, where n equals p, moves 
toward S, and the emitted light spot shifts accordingly, as mentioned above.  The values 
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of Rr are smallest for the SRH recombination and largest for the Auger recombination, 
because the light spot is smallest for SRH and biggest for Auger recombination.  Since 
the maximum value of Rr is proportional to the current, the relationship Rr vs. VG exhibits 




Figure 6.11.  Radiative recombination rate Rr as a function of position x for various 
values of VG (VD = 15 V) by using numerical calculation.  The solid lines are for SRH 





Figure 6.12 shows (a) the CNT potential ψ and (b) the longitudinal electric field 
|Fx| as functions of position x for various values of VG (VD = 15 V).  The solid lines are 
for SRH recombination, the dashed lines are for BBN recombination, and the dotted lines 
are for Auger recombination.  The analytic curves of ψ in Figure 6.4 are close to the 
numerical ones in Figure 6.12(a).  In Figure 6.12(b), the electric field |Fx| is greater inside 
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the recombination region than outside, and the maximum |Fx| is about 2~2.6 kV/cm.  
When VG = 13 V, i.e., in the symmetric condition, n is equal to p at the channel center, 
and |Fx| is large there.  When the VG < 13 V, the position of higher values of electric field 
|Fx| moves toward S due to the movement of the recombination region.  When the carrier 
density is larger than 1.1 nm
-1
, the quasi-Fermi-level moves to the second subband, which 
opens another scattering channel, and thus the mobility decreases significantly [13].  The 
carrier densities are smaller than 1.1 nm
-1
, as shown in Fig. 6.12(b), and the value of 
maximum |Fx| is much smaller than the electric field of 27 kV/cm corresponding to the 
maximum drift velocity in CNT (17,0) [13], hence the model of constant low-field 




Figure 6.12.  (a) CNT potential ψ and (b) longitudinal electric field |Fx| as functions of 
position x for various values of VG (VD = 15 V) by using numerical calculation.  The solid 
lines are for SRH recombination, the dashed lines are for BBN recombination, and the 





 Figure 6.13 shows the position xm as a function of VG for VD = 15 V.  The solid 
line is for SRH recombination, the dashed line is for BBN recombination, and the dotted 
line is for Auger recombination.  The three numerical curves for xm coincide, and are 
close to the analytic results in Figure 6.5.  The numerical results are in agreement with 
the experimental data in Ref. [49], if the experimentally observed hysteresis is neglected.  
When VG = 13 V, i.e., the symmetric condition, xm locates in the channel center.  When 





Figure 6.13.  Position xm as a function of VG for VD = 15 V by using numerical calculation.  
The solid line is for SRH recombination, the dashed line is for BBN recombination, and 




Figure 6.14 shows (a) the light-spot size Sspot and (b) the emitted optical power 
Popt as functions of the current I for VG-Vfb = ½VD for various nonradiative recombination 
mechanisms for VG = 13 V and VD = 15 V.  The calculated light spot size is consistent 
with the measured size 2~4 m [42].  The numerical results for both Sspot and Popt in 
Figure 6.14 are close to the analytic results in Figure 6.6.  For BBN recombination only 
(dashed lines), Sspot is not sensitive to the current I, while Popt depicts a linear relationship 
with current I, as mentioned above.  SRH recombination depends approximately linearly 
on the carrier densities, and Auger recombination is of third order in the carrier densities, 
but radiative recombination has a second order relationship.  Therefore, for SRH 
recombination only (upper solid line) Sspot is larger for higher carrier densities, i.e. larger 
currents, while for Auger recombination only (upper dotted line) Sspot is smaller for 
higher currents.  In addition, SRH recombination only (upper solid line) has a larger slope 
in Popt-I curves than for BBN recombination (dashed line), while Auger recombination 
only (upper dotted line) shows the smaller slope in Popt-I curves, as mentioned above.  
Numerically fitted powers of I in Sspot and Popt are summarized in Table 6.2.  All are close 
to the analytic values in Table 4.1.  The difference between the analytic and numerical 
curves is to be attributed to the single iteration and the Gaussian initial guess in the 
analytic model.  The powers of I in both Sspot and Popt are largest for SRH recombination 
and smallest for Auger recombination.  In Figure 6.14(a), for both SRH and BBN 
combined (lower solid line), Sspot is smaller than for either for SRH or for BBN 
individually.  Similarly, for both Auger and BBN considered simultaneously (lower 
dashed line), Sspot is smaller than that for either one individually.  In Figure 6.14(b), for 
both SRH and BBN considered together the values of Popt in the lower solid line are 
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smaller than those either for SRH or for BBN because of the lower radiative efficiency.  
Similarly, for Auger and BBN combined the lower dotted line has lower values of Popt 




Figure 6.14.  (a) Light-spot size Sspot and (b) emitted optical power Popt as functions of the 
current I for VG-Vfb = ½VD for various nonradiative recombination mechanisms for VG = 
13 V and VD = 15 V.  The upper solid lines are the numerical results for SRH 
recombination only, the dashed lines for BBN recombination only, the upper dotted lines 
for Auger recombination only, the lower solid lines for both SRH and BBN combined 





Table 6.2.  Numerically fitted powers of C and I in Sspot and Popt.  
 
Sspot  SRH BBN Auger  Popt  SRH BBN Auger    
C      0.02  -0.49  -0.79          2.12   1.06   0.43 





 Since the gate capacitance can be changed by fabricating various insulator 
thicknesses and by choosing different insulator materials, the optical emission for various 
C can be tested experimentally.  Figure 6.15 shows (a) the light-spot size Sspot and (b) the 
emitted optical power Popt as functions of the gate capacitance C for VG-Vfb = ½VD for 
various nonradiative recombination mechanisms for VG = 13 V and VD = 15 V.  In Figure 
6.15(a), if SRH recombination (upper solid line) dominates, Sspot is not sensitive to the 
gate capacitance C, while Sspot decreases strongly as C increases if Auger recombination 
(upper dotted line) dominates.  When C is larger, the current is larger and thus Popt is 
larger.  This gives rise to the positive slope in the Popt-C curves, shown in Figure 6.15(b).  
For both SRH and BBN combined (lower solid lines), Sspot and Popt are smaller than those 
either for SRH (upper solid line) or for BBN (dashed line) individually due to the lower 
radiative efficiency.  Similarly, for both Auger and BBN combined (lower dotted lines), 
Sspot and Popt are smaller than those either for Auger (upper dotted line) or for BBN 
(dashed line) individually.  Numerically fitted powers of C in Sspot and Popt are 
summarized in Table 6.2.  All are close to the analytic values in Table 4.1.   
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Figure 6.15.  (a) Light-spot size Sspot and (b) emitted optical power Popt as functions of the 
gate capacitance C for VG-Vfb = ½VD for various nonradiative recombination mechanisms 
for VG = 13 V and VD = 15 V.  The upper solid lines are the numerical results for SRH 
recombination only, the dashed lines for BBN recombination only, the upper dotted lines 
for Auger recombination only, the lower solid lines for both SRH and BBN combined 




 In conclusion, we implement a numerical transport model for optical emitters 
based on CNT FETs that accounts for finite radiative and nonradiative recombination 
probability in the conduction channel.   Based on our model, we show that inside the 
recombination region the transport properties are essentially determined by nonradiative 
recombination, and we predict that the dependence of the light spot size on the current is 
sensitive to the nonradiative recombination mechanisms.  The decisive role of 
nonradiative recombination here is consistent with the observed low quantum efficiency 
in the optical emission from CNT FETs [44].  The electric field inside the recombination 
region is enhanced but it remains sufficiently small so that a model based on constant 
low-field mobility can be applied to long-channel ambipolar CNT FETs.  Furthermore, 
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the electric field is not high enough for exciton-formation through impact excitation in 




RESULTS FOR PHOTODETECTORS BASED ON CARBON-
NANOTUBE FIELD-EFFECT TRANSISTORS 
 
 A photodetector absorbs optical energy and converts it to electrical energy.  There 
are generally three steps involving in the photodetection process [94]: (1) absorption of 
optical energy and generation of carriers, (2) transport of photogenerated carriers across 
the absorption and transit regions, and (3) carrier collection and generation of a 
photocurrent, which flows through the external circuitry.  There are three main types of 
photodetectors: photoconductors, PIN diodes, and avalanche photodiodes [94].  The 
photodetectors based on CNT FETs in our study operate as photoconductors.  
Photoconductivity of CNT FETs is the reverse of electroluminescence for optical emitters 
based on CNT FETs, with optical radiation producing electrons and holes that are 
separated by the applied field.  With an applied drain-to-source voltage, both electrons 
and holes are collected at the two contacts, and thus produce a photocurrent.  In this 
chapter we present calculated results for the photoconductors based on CNT FETs.   
 Photoconductivity in CNT FETs has been explored experimentally with uniform 
photoexcitation [21, 43] and with near-field photoexcitation [65-69].  Theoretical 
simulations neglecting the effects of excitons for the very short channel (15nm) were 
carried out in Ref. [70].  Electron-hole interactions, however, should be strong in quasi-
one-dimensional system.  The electron-hole interaction is thus expected to bind the 
photoexcited electron and hole to form excitons.  Theoretical [17-19] and experimental 
studies [20-22] have shown that electron confinement in the quasi-one-dimensional 
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structure of CNTs leads to high electron-hole binding energies and the formation of 
strongly bound exciton states.  For strong binding, most of the optical absorption is 
associated with photogeneration of excitons.  Since the formation of excitons through 
photoexcitation is important in CNTs, we have developed the model accounting for 
excitons already presented in earlier chapters.  The input data and the properties of 
photoconductors based on CNT FETs are given in Chapter 7.1.  Results for 
photoconductors based on long-channel CNT FETs with uniform photoexcitation are 
given in Chapter 7.2, and those for near-field photoexcitation are given in Chapter 7.3.  
Based on these, we obtain the photocurrents and resulting exciton densities as a function 
of photoexcitation conditions.  The summary for photoconductors based on carbon-
nanotube field-effect transistors is presented in Chapter 7.4. 
 
7.1 Calculation for Photoconductors Based on Carbon-Nanotube Field-Effect 
Transistors 
 
 The ambipolar CNT FET modeled consists of an intrinsic semiconducting single-
wall CNT providing a 60-m long channel, source and drain Schottky contacts composed 
of titanium and cobalt [21, 43], and a 100-nm thick SiO2 gate insulator.  A 
photoconductor based on a CNT FET with a back gate is shown in Figure 2.7.  Since the 
photoconductivity is the reverse of electroluminescence, the same values of the channel 
length and insulator thickness are used in the photoconductors in this chapter as in the 
optical emitters in Chapter 6.  In our study of CNT-FET-based photoconductors the 
effects considered are those resulting from excitation of the CNT channel while 
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neglecting any possible effects arising from light incident on the contacts.  Ambipolar 
FETs operate with one electron injecting (e-source) and one hole injecting (h-source) 
contact.  We define the e-source as the source (S) and h-source as the drain (D), as 
mentioned above.  The applied gate (G) and drain (D) voltages, VG and VD, are measured 
with respect to the source (S) VS = 0.  Electrons are injected from S and accumulate in the 
CNT near S for positive VG, while holes are injected from D and accumulate near there 
for negative VG-VD.  This defines the ambipolar operating regime, as mentioned above.  A 
zigzag (19,0) CNT is chosen in order to use existing calculated data for the properties of 
excitons [23].  The CNT diameter dcnt is computed as 1.5 nm by using Equation (2.1.1) 
with the carbon-carbon bond length aCC = 0.144 nm [3].  The constant low-field mobility 
 is calculated as 35,500 cm2/Vs using Equation (3.3.1) [9].  The insulator capacitance C 
is computed as 0.388 pF/cm from Equation (3.1.2) with the relative dielectric constant of 
SiO2, εox = 3.9.  The averaged electron effective mass me
*
 is 0.053m0 [13], and therefore 
Nc = 0.214 nm
-1
.  In CNT FETs the metal-CNT interfaces form Schottky barriers.  In our 
model their effect is simplified to a constant voltage drop independent of current.  
Assuming the intrinsic Vs = 0, the extrinsic terminal voltages VG and VD in terms of the 
intrinsic ones Vg and Vd are given as VG = Vg+ΔVs and VD = Vd+ΔVs+ΔVd, where ΔVs and 
ΔVd are the voltage drops across the contact-channel interfaces.  Since the voltage drops 
and flat-band voltage Vfb are not known in CNT-FET-based photoconductors, the results 
are solved in terms of the intrinsic voltages Vg-Vfb and Vd.  Typical applied drain voltages 
in the range of 0.5 V to 1 V were reported in photoconductors based on CNT FETs [21, 
43].  Therefore, the value of the intrinsic drain voltage Vd = 0.2 V is chosen to be 
calculated due to the unknown voltage drops at both S and D contacts.  
 138 
 Electron confinement in the quasi-one-dimensional structure of the CNTs leads to 
the formation of strongly bound excitons.  The exciton binding energy Eb for a zigzag 
(19,0) CNT is computed as 0.16 eV based on Equation (2.1.2) with the relative dielectric 
constant (εox = 3.9) of SiO2 [1, 18].  For strong binding, most of the optical absorption is 
associated with photogeneration of excitons, as mentioned above.  The conduction and 
valence bands in CNTs are doubly orbitally degenerate.  For free electron-hole pairs, this 
gives four distinct but degenerate pair excitations.  In excitons, the Coulomb interaction 
partially lifts the fourfold degeneracy, as mentioned above.  In CNTs, the Coulomb 
interaction creates the four lowest-energy singlet excitons, but only the second lowest-
energy exciton is optically active, which is called a bright exciton [23, 24].  The other 
excitons are optically (dipole) forbidden, which are called dark excitons.  Moreover, all 
four lowest-energy excitons for the triplet-spin states are dark as well [23, 24].  
Therefore, only the singlet bright exciton is considered when evaluating the radiative 
lifetime of excitons in CNTs.  For a CNT (19,0), the effective mass of excitons is given 
as mx1 = mx3 = 3me
*
 = 0.159 m0 [23], where me
*
 is the electron effective mass, and mx2 is 
calculated to be 0.0234 m0 [18].  The energy levels of the exciton-1, exciton-2, and 
exciton-3 are depicted as Ex1, Ex2, and Ex3, respectively.  The exciton splitting energy δ1 
(=Ex2-Ex1) is defined to be the energy difference between the energy levels of exciton-1 
and exciton-2, and the splitting energy δ2 (=Ex3-Ex1) is assumed to be the energy 
difference between the energy levels of exciton-1 and exciton-3.  For a (19,0) CNT, δ1 
and δ2 are given as 4 meV and 27 meV, respectively [23].  Since the exciton splitting 
energies are very small, thermal equilibrium is a good assumption due to the likely fast 
transition between those exciton states.  The total singlet-exciton density nxs is 
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nx1+nx2+nx3.  By summing all individual exciton continuity equations given in Equation 
(3.7.1), the continuity equation of the total singlet-exciton density nxs is given as 
Equation (3.7.2) [52].  Expressing the ith-exciton density in terms of the total singlet-
exciton density nxs gives nx1 = ζ1nxs, nx2 = ζ2nxs, and nx3 = ζ3nxs.  By using Equation (3.9.1) 
in Chapter 3.9 and assuming gx1 = gx2 = 1 and gx3 = 2, we obtain ζ1 = 0.492, ζ2 = 0.162, 
and ζ3 = 0.346.  We find that the density of bright excitons is smaller than those of dark 
excitons due to the smaller density-of-states through the smaller effective mass.  The 
radiative-decay coefficient r2r of bright excitons is assumed to be 0.4 ns
-1
 (i.e., 2.5 ns 
lifetime) [23], and thus rr is obtained as 0.065 ns
-1
 (i.e., 15.4 ns lifetime).  The CNT 
radiative lifetime has been calculated [23, 24] to be of the order of magnitude ~ 10 ns.  
However, the measured lifetime is much shorter, in the range of 10 to100 ps [96], 
indicating the presence of nonradiative decay channels.   The theoretical calculation of 
the nonradiative decay rates of excited semiconducting nanotubes by a variety of decay 
mechanisms including multiphonon decay (MPD) was published recently [1, 96].  For a 
CNT (19,0) with the relative dielectric constant (εox = 3.9) of SiO2, the nonradiative 
decay coefficient is 20 ns
-1
 (i.e., 50 ps lifetime).  Therefore, all values of the excitonic 
nonradiative-decay coefficients r1nr, r2nr, and r3nr are assumed to be 20 ns
-1
, and rnr is 
obtained as 20 ns
-1
 as well.  The rate of exciton formation involving bimolecular 
recombination of electrons and holes is Bxinp, where Bxi is the capture parameter for 
exciton formation [72, 73].  The rate of exciton ionization to free e-h pairs is depicted as 
rdinxi, where rdi is the exciton-ionization coefficient.  The effect of the field ionization of 
excitons [71] is neglected since the electric field in the long-channel CNT FETs is low 
[51, 52].  For CNTs, the ratio of the exciton-ionization coefficient rdi to the capture 
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parameter Bxi for exciton formation, i.e., rdi/Bxi, is assumed to be the one-dimensional 
Arrhenius equilibrium constant, which is shown in Equation (3.8.3) in Chapter 3.8.  The 




 [97-99].  Therefore, all values 









 as well. 
 In CNTs, most of the oscillator strength is transferred from band-to-band to 
excitonic transitions, which dominate the optical absorption spectra [18, 19], as 
mentioned above.  The fractional value of the number of excitons generated per incident 
photon is αex, and the absorption spectrum if αex as a function of the incident photon 
energy.  The bright singlet exciton-2 gives rise to the E11 optical transition, and the value 
of E11 is assumed as 0.56 eV.  The absorption spectrum of the bright exciton-2 is 
expressed as αex2.  The value of αex2 at E11 is assumed as 1, and the full-width at half 
maximum (FWHM) is assumed as 30 meV for a zigzag (19,0) CNT [1, 21].  In addition 
to the strong exciton transition, a weaker side-band ~ 190 meV above the exciton 
transition is observed [21].  The dark exciton-3 level is doubly degenerate; while these 
states are optically forbidden, they can nonetheless be observed as a side-band in the 
photoconductivity spectrum arising from exciton-phonon coupling [21, 23, 76].   The 
absorption spectrum of the dark exciton-3 is expressed as αex3.  The peak of αex3 is taken 
to be 190 meV above E11, and the magnitude of the peak of αex3 is assumed as 0.3 [21].  
Since the diameter of a zigzag CNT (19,0) is so small (1.5 nm), the incident radiation is 










] is given in Equation (3.6.2), where Pincd [W/cm
2
] is the 
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incident optical power density and Eph [J] is the photon energy.  For the incident light 




] through the 




] is the bright exciton-2 
generation rate from photoexcitation, Gx3 is the dark exciton-3 generation rate due to the 
exciton-phonon coupling, and Gx1 is the dark exciton-1 generation rate which is assumed 
as zero.  The total exciton generation rate is given as Gx = Gx1+Gx2+Gx3. 
 For the photoconductors, the dark current Idark is defined as the device current 
without illumination, while the device current with illumination is expressed as Ilight.  The 
photocurrent Iph is defined as the difference between Ilight and Idark, i.e., Iph = Ilight-Idark [43, 
94, 95].   Since the absorption spectrum depends on the incident photon energies, the 
photocurrent spectrum depends on the photo-excitation energies [21].  Current gain in 
photoconductors is computed below.   If all the photogenerated excitons are ionized to e-
h pairs and if all the photogenerated carriers are swept out before recombination and are 
collected at the contacts, this photocurrent is expressed as Iph,swept.  The value of Iph,swept is 
calculated as  
 ,
0
2 ( ) .
L
ph swept xI e G x dx   (7.1.1) 
The prefactor 2 indicates the contribution of both electrons and holes to the photocurrent.  









   (7.1.2) 
For long-channel CNT FETs, there is no sweep-out of the carriers and the recombination 
dominates.  Since both the average electron and hole transit times ttr,e and ttr,h are larger 
than the recombination time τrecomb, the gain can be expressed as [94] 
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    (7.1.3) 
where ηionized is the exciton-ionization efficiency, and Le and Lh are the average paths 
traveled by electrons and holes, respectively.  For the average electron and hole velocities 
Ve and Vh, the values of Le and Lh are given as 
 , ,e e recomb h h recombL V L V    (7.1.4) 
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where |Fx|ave is the average longitudinal electrical field.  For CNT FETs, ttr,e = ttr,h due to μ 







    (7.1.6) 
In Chapter 7.2, the exciton diffusion in CNT-based photoconductors with uniform 
photoexcitation is not considered.  In Chapter 7.3, exciton diffusion with near-field 







7.2 Results for Photoconductors Based on Carbon-Nanotube Field-Effect 
Transistors with Uniform Photoexcitation 
 
 Photoconductivity in CNT FETs has been explored experimentally with uniform 
photoexcitation [21, 43], and the typical incident optical-power density is in the range of 
1-10 kW/cm
2
.  Thus CNT-FET-based photoconductors employing semiconducting zigzag 
CNTs (19,0) for an incident-light power density Pincd = 10 kW/cm
2
 with uniform 
photoexcitation are chosen to be for our calculation.  Since the voltage drops and flat-
band voltage are not known in these devices, the results are expressed in terms of the 
intrinsic voltages Vg-Vfb and Vd, and the value of Vd = 0.2 V is chosen to be calculated, as 
mentioned above.  In earlier chapters, the nonradiative recombination of electrons and 
holes in the optical emitters based on CNT FETs is assumed as SRH, BBN, or Auger 
recombination.  For the simplified calculations presented here, only band-to-band 
nonradiative (BBN) recombination rate is considered in the photoconductors based on 
CNT FETs.  Thus the nonradiative recombination rate of electrons and holes is expressed 
as Rnr = BBBNnp.  The coefficient BBBN of BBN recombination is assumed as 10 km/s (= 
10
6
 cm/s), as mentioned above.  For CNTs, the rate of exciton formation involving 
bimolecular recombination of electrons and holes is described as Bxinp, and the ratio of 
the exciton-ionization coefficient rdi to the capture parameter Bxi for exciton formation, 
i.e., rdi/Bxi, can be computed by Equation (3.8.3).  Since the values of both rdi and Bxi in 
CNTs are not known, three cases for the values of rd and Bx are chosen to be calculated 
by way of comparison.  In the first case, Bx = 10
6





.  In this case BBN nonradiative recombination is not included.  
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This means that all of the recombination of electrons and holes generates excitons.  For 
convenience, this case is abbreviated as 
 6 9 -11 x d BBN{ 10 cm/s, 1.07x10 s , 0}.C B r B     (7.2.1) 
In the second case, the value of Bx is assumed as 10
4





 is obtained.  In this case BBN nonradiative recombination (BBBN = 10
6
 cm/s) is 
included.  This means that the exciton-formation rate involving the recombination of 
electrons and holes is equal to only 1% of the BBN recombination rate; that is, most of 
the recombination of electrons and holes does not generate excitons.  This case is 
abbreviated by 
 4 7 -1 62 x d BBN{ 10 cm/s, 1.07x10 s , 10 cm/s}.C B r B     (7.2.2) 
The total recombination rate of electrons and holes has about the same value in case C2 as 
in case C1.  In the third case, the value of Bx is taken to be 10
6





.  In this case BBN recombination (BBBN = 10
6
 cm/s) is included.  Notice that Bx and 
BBBN have the same values.  This case is abbreviated by 
 6 9 -1 63 x d BBN{ 10 cm/s, 1.07x10 s , 10 cm/s}.C B r B     (7.2.3) 




Figure 7.1.  Generation rate Gx of excitons as a function of position x with spatially 
uniform illumination at photon energy Eph = E11 (= 0.56 eV) for the incident optical-







Figure 7.1 shows the generation rate Gx of excitons as a function of position x 
with spatially uniform illumination at photon energy Eph = E11 (= 0.56 eV) for incident 




.  In order to calculate the incident light exciting 
the CNT channel but not the contacts, the incident light is assumed to illuminate the 
entire channel but not the contacts, as shown in Figure 7.1.  The profile of Gx in the 
channel depicts a flat line due to uniform illumination.  By using Equation (3.6.3), the 






, which agrees with that in Figure 7.1.  In 
order to compute the current gain, the value of Iph,swept is calculated as 276 nA using 
Equation (7.1.1).  Since the diameter of a zigzag CNT (19,0) is so small (1.5 nm), the 
incident radiation absorbed by CNTs is very slight.  The value of Iph,swept is small even for 
this large incident power density Pincd. 
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Figure 7.2.  Current I as functions of Vd for Vg-Vfb = ½Vd with uniform photoexcitation at 




 in a 
CNT FET with a semiconducting zigzag CNT (19,0).  The curves of Ilight for cases C1 and 




Figure 7.2 shows the current I as a function of Vd for Vg-Vfb = ½Vd, i.e., the 
symmetric condition, with uniform photoexcitation at excitation energy Eph = E11 (= 0.56 




.  The curves of Ilight for cases C1 and C2 
and of the dark current Idark without illumination can not be distinguished in the plot.  




Figure 7.3.  Photocurrent Iph as a function of exciton-ionization coefficient rd with 





 for Vd = 0.2 V and Vg-Vfb = 0.1 V, i.e., Vg-Vfb = ½Vd.  The solid line 
includes BBN recombination (BBBN = 10
6





 and Bx = 10
4





 and Bx = 10
6











Figure 7.3 shows the photocurrent Iph as a function of exciton-ionization 
coefficient rd with uniform photoexcitation at excitation energy Eph = 0.56 eV for incident 




 for Vd = 0.2 V and Vg-Vfb = 0.1 V, i.e., Vg-Vfb = ½Vd.  
The solid line includes BBN recombination (BBBN = 10
6
 cm/s).  The square symol is for 




 and Bx = 10
4
 cm/s, and the pentagonal symbol is for case 




 and Bx = 10
6





 and Bx = 10
6
 cm/s but without BBN recombination.  The values of the 
photocurrent Iph for cases C1, C2, and C3 are 34 pA, 0.34 pA, and 18 pA, respectively.  
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Since the dark current Idark is 36 nA, all values of the photocurrent Iph are very small 
compared with the dark current.  Since Iph,swept = 276 nA, the current gains ΓG for cases 






, respectively.  We find that the current 
gains are very small.  For a larger exciton-ionization coefficient rd, more excitons ionize 
to e-h pairs, leading to a larger photocurrent Iph.  Larger rd gives larger exciton-ionization 
efficiency ηionized, and thus the current gain ΓG is enhanced.  Therefore, Iph and ΓG are 
larger in both cases C1 and C3 than in case C2.  The total recombination coefficient of 
electrons and holes is two times larger for case C3 than for case C1.  The larger 
recombination coefficient means faster recombination and shorter recombination time 
τrecomb, and thus using Equation (7.1.6) the gain ΓG is smaller.  Therefore, ΓG and Iph is 
smaller in case C3 than in case C1.  The reasons for the very small photocurrent and 
current gain are explained below.  Radiative and nonradiative decay of excitons compete 







), the exciton-ionization coefficient rd in Figure 7.3 is much smaller than the 
nonradiative decay coefficient rnr of excitons.  Most of the excitons nonradiatively decay 
rather than ionize to e-h pairs to contribute to the photocurrent.  Therefore, the exciton-
ionization efficiency ηionized, the current gain ΓG, and photocurrent Iph are all small.  
Referring to Equation (3.8.3), the ratio of the exciton-ionization coefficient rdi to the 
capture parameter Bxi for exciton formation, i.e., rdi/Bxi, is proportional to exp( / )b bE k T , 
where Eb is the exciton binding energy.  Since the exciton binding energy Eb (= 0.16 eV) 
is large in CNTs, even for the same value of Bx the value of the exciton-ionization 
coefficient rd is small, and thus the exciton-ionization efficiency ηionized, the current gain 
ΓG, and photocurrent Iph are small as well.  Since the average longitudinal electrical field 
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|Fx|ave is proportional to the inverse of the channel length L for the same applied voltage 
Vd, referring to Equation (7.1.5) the average electron and hole transit times ttr,e and ttr,h are 
proportional to 2L .  Thus the current gain ΓG is proportional to 
2L  due to Equation 
(7.1.6).  Therefore, for photoconductors based on the long-channel (L = 60 μm) CNT 
FETs, the current gain ΓG and photocurrent Iph are small. 
 For comparison, results for photoconductors based on CNT FETs are calculated 
for case C1, in which all of recombination of electrons and holes generates excitons, and 
for case C2, in which most of recombination of electrons and holes does not generate 
excitons. 
 For case C1, Bx = 10
6




, and BBN recombination is not 
included.  All of recombination of electrons and holes generates excitons.  Figure 7.4 
shows photocurrent Iph as a function of incident power density Pincd with uniform 




 and Bx = 10
6
 cm/s 
for Vd = 0.2 V and Vg-Vfb = 0.1 V.  For comparison, the results for cases C1 and C3 are 
shown as well.  The solid line is for case C1 without BBN recombination, and the dashed 
line is for case C3 including BBN recombination.  By referring to Equations (3.6.2) and 
(3.6.3),  the absorption rate Aabs of the incident photons is proportional to Pincd, and the 
generation rate Gx of excitons is also proportional to Pincd.  Thus both the exciton density 
nxs and the exciton-ionization rate rdnxs that contribute to the photocurrent are 
proportional to Pincd as well.  Therefore, both the solid and dashed curves are linear in 
incident optical power, i.e., the photocurrent Iph is proportional Pincd.  This prediction is in 
excellent agreement with the reported experimental results [43].  The total recombination 
coefficient of electrons and holes is larger in case C3 than in case C1, and thus ΓG and Iph 
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are smaller in case C3 (dashed line) than in case C1 (solid line) due to the shorter 




Figure 7.4.  Photocurrent Iph as a function of incident power density Pincd with uniform 




 and Bx = 10
6
 cm/s 
for Vd = 0.2 V and Vg-Vfb = 0.1 V.  The solid line is for case C1 without BBN 






Figure 7.5.  Photocurrent spectrum for case C1.  Photocurrent Iph as a function of photon 









Figure 7.5 shows the photocurrent spectrum for case C1.  The curve depicts 
photocurrent Iph as a function of photon energy Eph with uniform photoexcitation for the 




 for Vd = 0.2 V and Vg-Vfb = 0.1 V.  The 
photocurrent Iph has the largest peak at the Eph = E11 (= 0.56 eV) corresponding to the 
excitation of bright excitons, and the full-width at half maximum (FWHM) is 0.03 eV.  
There is a side-band with a peak at Eph = E11+0.19 eV (= 0.75 eV), where the 0.19 eV 
corresponds to the effect of exciton-phonon coupling (longitudinal optical phonon 
energy) [21, 76], as mentioned above. 
  In Figures 7.6-7.8, the results for case C1 are calculated with uniform 





 for Vd = 0.2 V and Vg-Vfb = 0.1 V, i.e., Vg-Vfb = ½Vd for the symmetric condition.  
Figure 7.6 shows the electron and hole densities n and p as functions of position x with 





, and the dashed lines are without illumination.  The profiles of the electron 
and hole densities without illumination are similar to those for the optical emitters based 
on CNT FETs in an earlier chapter.  When the channel length exceeds the recombination 
length, essentially all injected carriers recombine within the channel.  Hence, for 
ambipolar CNT FETs, electrons injected from S fully recombine with holes in the 
channel and the electron density is negligible outside the recombination region, as 
mentioned above.  Similarly, holes injected from D fully recombine with electrons in the 
channel and the hole density is negligible outside the recombination region as well.  In 
Figure 7.6, two curves can not be distinguished in the plot.  This means that with 
illumination the electrons and holes from exciton ionization are very few compared to the 
electrons and holes without illumination.  This agrees with the small photocurrent 





Figure 7.6.  Electron and hole densities n and p as functions of position x with uniform 
photoexcitation at photon energy Eph = 0.56 eV for Vd = 0.2 V and Vg-Vfb = 0.1 V for case 




, and the dashed 






Figure 7.7.  Singlet-exciton density nxs (solid curve) as a function of position x with 





 for Vd = 0.2 V and Vg-Vfb = 0.1 V for case C1.  The dashed curve is the 




Figure 7.7 shows the singlet-exciton density nxs (solid curve) as a function of 
position x with uniform photoexcitation for case C1.  For Vd = 0.2 V and Vg-Vfb = 0.1 V, 
i.e., Vg-Vfb = ½Vd for the symmetric condition, the peak of the recombination rate of 
electrons and holes is at the middle of the channel.  Without illumination there are the 
exciton densities (dashed curve) in the recombination region since all of recombination of 
electrons and holes generate the excitons through Bxnp.  With illumination the profile of 
exciton density (solid curve) is flat line outside the recombination region due to the flat 
 155 
profile of the exciton generation rate resulting from uniform photoexcitation, as shown in 
Figure 7.1.  Within the recombination region the exciton generation rates both by the 
photoexcitation and by the recombination of electrons and holes combine together to 




Figure 7.8.  Recombination and generation rates R (upper solid curve) and G (lower solid 
curve) of electrons and holes as functions of position x with uniform photoexcitation at 




 for Vd = 
0.2 V and Vg-Vfb = 0.1 V for case C1.  The recombination and generation rates without 





 Figure 7.8 shows the recombination and generation rates R (upper solid curve) 
and G (lower solid curve) of electrons and holes as functions of position x with uniform 
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photoexcitation for case C1.  The exciton-ionization rate rdnxs is the generation rate of 
electrons and holes, and thus G (lower solid curve) with illumination and Gdark (lower 
dashed curve) without illumination show the same profiles as the exciton densities in 















 in Figure 7.7.  When the 
channel length exceeds the recombination length for the long channel CNT FETs, 
essentially all electrons and holes recombine within the channel, and thus the device 
current is equal to the recombination current.  Hence, without illumination, the 
recombination rate Rdark (upper dashed curve) is much larger than the generation rate 
Gdark (lower dashed curve) within the recombination region in the middle of the channel.  
Similarly, with illumination, the recombination rate R (upper solid curve) is much larger 
than the generation rate G (lower solid curve) in the middle of the channel.  Moreover, R 
is close to G in the area away from the middle of the channel since all generated electrons 




lightI e R G dx   




dark dark darkI e R G dx   without 
illumination due to Ilight is close to Idark, as shown in Figure 7.2. 
 For case C2, Bx = 10
4




, and BBN recombination (BBBN = 10
6
 
cm/s) is included.  Most of the recombination of electrons and holes does not generate 
excitons.  Figure 7.9 shows the photocurrent Iph as a function of incident power density 
Pincd with uniform photoexcitation at photon energy Eph = 0.56 eV for Vd = 0.2 V and Vg-
Vfb = 0.1 V for case C2.  The photocurrent Iph lies on a straight line, i.e., the photocurrent 
Iph is proportional to the incident power density Pincd, as mentioned above.  For Pincd = 10 
kW/cm
2
, the value of Iph (= 0.34 pA) for case C2 in Figure 7.9 is about 1% of the value of 
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Iph (= 34 pA) for case C1 in Figure 7.4 since the value of the exciton-ionization 




Figure 7.9.  Photocurrent Iph as a function of incident power density Pincd with uniform 




 and Bx = 10
4
 cm/s 






Figure 7.10.  Singlet-exciton density nxs (solid curve) as a function of position x along the 
channel with uniform photoexcitation at photon energy Eph = 0.56 eV for the incident 




 for Vd = 0.2 V and Vg-Vfb = 0.1 V for case C2.  The 




In Figures 7.10 and 7.11, results for case C2 are shown for uniform 





Vd = 0.2 V and Vg-Vfb = 0.1 V, i.e., Vg-Vfb = ½Vd for the symmetric condition.  Figure 
7.10 shows the singlet-exciton density nxs (solid curve) as a function of position x along 
the channel with uniform photoexcitation for case C2.  Since the value of Bx is about 1 % 
BBBN, only ~1% of the recombination of electrons and holes generates the excitons. 
Without illumination there is an exciton density (dashed curve) within the recombination 
region, but the value of nxs (dashed curve) in Figure 7.10 is about 1 % of the value of nxs 
(dashed ccurve) in Figure 7.7.  With illumination the profile of nxs (solid curve) is a flat 
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line due to the flat profile of the exciton generation through the uniform photoexcitation 




 as in 
Figure 7.7.  Since nxs (dashed curve) due to the recombination of electrons and holes is 
much lower than nxs (solid curve) through the photoexcitation, the profile of nxs looks like 
a flat line within the entire channel.  Moreover, the profiles of the electron and hole 
densities n and p as functions of position x with uniform photoexcitation for case C2 are 
similar to those in Figure 7.6 since with illumination the electrons and holes from the 
exciton ionization are very few compared to the electrons and holes without illumination, 





Figure 7.11.  (a) Generation rate G (solid curve) and (b) recombination rate R (solid curve) 
of electrons and holes as functions of position x with uniform photoexcitation at photon 




 for Vd = 0.2 V and 
Vg-Vfb = 0.1 V for case C2.  The dashed curves are for the generation and recombination 




Figure 7.11 shows (a) the generation rate G (solid curve) and (b) recombination 
rate R (solid curve) of electrons and holes as functions of position x with uniform 
photoexcitation for case C2.  Since the exciton-ionization rate rdnxs is the generation rate 
of electrons and holes, the solid curve with illumination and the dashed curve without 
illumination in Figure 7.11(a) show the same profiles as the exciton densities in Figure 















 in Figure 7.10.  Since 
essentially all electrons and holes recombine within the channel, the device current is 
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equal to the recombination current.  Hence, with illumination, the recombination rate R 
(solid curve) in Figure 7.11(b) in the middle of the channel is much larger than the 
generation rate G, as mentioned above.  Moreover, R (solid curve) in Figure 7.11(b) is 
close to G (solid curve) in Figure 7.11(a) in the area away from the middle of the channel 
since all generated electrons and holes recombine there. 
 
7.3 Results for Photoconductors Based on Carbon-Nanotube Field-Effect 
Transistors with Near-Field Photoexcitation 
 
 The photoconductivity of CNT FETs has been explored experimentally with near-
field photoexcitation [65-69], and the typical incident laser power is in the range of 0.5-1 
mW.  The laser was focused to a 300-400 nm diameter spot and scanned across the 
samples of CNT FETs, and the incident power densities are on the order of hundreds 
kW/cm
2
.  Hence, the photoconductors based on CNT FETs with a semiconducting zigzag 
CNT (19,0) for the incident laser power Wincd = 1 mW with near-field photoexcitation 
with the laser focused to a 400 nm diameter spot are chosen to be calculated.  The 
incident power density is assumed as a spatial Gaussian, and thus the maximum value is 
computed as 552 kW/cm
2
.  The laser is assumed to be scanned across the channel of CNT 
FETs but not across the contacts.  The results are solved for in terms of the intrinsic 
voltages Vg-Vfb and Vd, and the value of Vd = 0.2 V is chosen to be calculated, as 
mentioned above.   
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Figure 7.12.  Generation rate Gx of excitons as a function of position x with near-field 
photoexcitation at photon energy Eph = 0.56 eV with the incident laser power Wincd = 1 
mW.  The laser is focused to a 400-nm diameter spot, and illuminates at the 




Figure 7.12 shows the generation rate Gx of excitons as a function of position x 
with near-field photoexcitation at photon energy Eph = 0.56 eV with the incident laser 
power Wincd = 1 mW.  The laser is focused to a 400-nm diameter spot, and illuminates at 
the photoexcitation position xph = 30 μm (solid curve) and 20 μm (dashed curve).  The 
spatial profile of Gx in the channel follows that of the excitation spot, i.e., a Gaussian.  By 







this value agrees with that in Figure 7.12.  In order to compute the current gain, the value 
of Iph,swept is calculated as 123 nA by Equation (7.1.1).  Since the diameter of a zigzag 
CNT (19,0) is so small (1.5 nm), the incident radiation absorbed by the CNTs is very 
small.  The value of Iph,swept is small even for this large incident laser power Wincd. 
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For comparison, the results for photoconductors based on CNT FETs are 
calculated for case C1, in which all of recombination of electrons and holes generates the 
excitons, and for case C2, in which most of recombination of electrons and holes do not 
generate excitons.   
 For case C1, Bx = 10
6




, and BBN recombination is not 
included.  All of recombination of electrons and holes generates excitons.  Figure 7.13 
shows photocurrent Iph as a function of incident power Wincd with near-field 
photoexcitation at photon energy Eph = 0.56 eV for Vd = 0.2 V and Vg-Vfb = 0.1 V for case 
C1.  The laser is focused to a 400-nm diameter spot, and illuminates at the position xph = 
30 μm (solid curve) and 20 μm (dashed curve).  Since the incident laser-power density is 
proportional to the incident-laser power Wincd, by referring to Equations (3.6.2) and 
(3.6.3) the absorption rate Aabs of the incident photons is proportional to Wincd, and the 
generation rate Gx of excitons is also proportional to Wincd.  Thus both the exciton density 
nxs and the exciton-ionization rate rdnxs contributing to the photocurrent are proportional 
to Wincd as well.  Therefore, both solid and dashed curves are linear, i.e., photocurrent Iph 
is proportional to incident power Wincd.  In the following figures of Figures 7.14-7.21, the 
results for case C1 are calculated with near-field photoexcitation at photon energy Eph = 
0.56 eV for incident power Wincd = 1
 
mW for Vd = 0.2 V and Vg-Vfb = 0.1 V, and the laser 
is focused to a 400-nm diameter spot.  By referring to Equations (7.1.5) and (7.1.6), the 
average electron and hole transit times ttr,e and ttr,h are proportional to the inverse of the 
average longitudinal electrical field |Fx|ave, and thus both the current gain ΓG and the 
photocurrent Iph are proportional to |Fx|ave.  Figure 7.14 shows the longitudinal electric 
field |Fx| as a function of position x with near-field photoexcitation with the incident 
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power Wincd = 1 mW for case C1.  In the symmetric condition, i.e., Vg-Vfb = ½Vd, the 
maximum longitudinal electric field |Fx| is at the middle of the channel, i.e., at the 
position x = 30 μm.  Figure 7.15 shows photocurrent Iph as a function of photoexcitation 
position xph with near-field excitation with incident power Wincd = 1 mW for case C1.  
Since the average value |Fx| of at x = 30 μm is larger than at x = 20 μm as shown in 
Figure 7.14, the photocurrent Iph at photoexcitation position xph = 30 μm is larger than at 
xph = 20 μm, as shown in both Figures 7.13 and 7.15.  The values of photocurrent Iph for 
photoexcitation position xph = 30 μm and xph = 20 μm with Wincd = 1 mW are 48 pA and 
12 pA, respectively.   Since the dark current Idark is 36 nA, the values of the photocurrent 
Iph are very small compared with the dark current.  Since Iph,swept = 123 nA, the current 





, respectively.  We find that the current gains are very small.  The explanations 
for the small current gain and small photocurrent are presented in Chapter 7.2.  Since the 
photocurrents are small compared to the dark current, in Figure 7.14 the longitudinal 
electric fields |Fx| for the photoexcitation position xph = 30 μm (solid curve) and for xph = 





Figure 7.13.  Photocurrent Iph as a function of incident power Wincd with near-field 
photoexcitation at photon energy Eph = 0.56 eV for Vd = 0.2 V and Vg-Vfb = 0.1 V for case 
C1.  The laser is focused to a 400-nm diameter spot, and illuminates at the position xph = 





Figure 7.14.  Longitudinal electric field |Fx| as a function of position x with near-field 
photoexcitation at photon energy Eph = 0.56 eV with the incident power Wincd = 1 mW for 
Vd = 0.2 V and Vg-Vfb = 0.1 V for case C1.  The laser is focused to a 400-nm diameter 
spot.  The solid and dashed curves are for the photoexcitation position xph = 30 μm and 20 





Figure 7.15.  Photocurrent Iph as a function of photoexcitation position xph with near-field 
photoexcitation at photon energy Eph = 0.56 eV with the incident power Wincd = 1 mW for 







Figure 7.16.  Singlet-exciton density nxs as functions of position x with near-field 
photoexcitation at photon energy Eph = 0.56 eV with the incident power Wincd = 1 mW for 
Vd = 0.2 V and Vg-Vfb = 0.1 V for case C1.  The laser is focused to a 400-nm diameter 
spot.  The illumination is at the photoexcitation position xph = 30 μm in (a) and at xph = 20 




Figure 7.16 shows the singlet-exciton density nxs as functions of position x with 
near-field photoexcitation for case C1.  The illumination is at photoexcitation position xph 
= 30 μm in Figure 7.16(a) and at xph = 20 μm in Figure 7.16(b).  For Vd = 0.2 V and Vg-
Vfb = 0.1 V, i.e., Vg-Vfb = ½Vd for the symmetric condition, the peak of the recombination 
rate of electrons and holes is at the middle of the channel.  Without illumination there are 
the exciton densities at the middle of the channel within the recombination region since 
all the recombination of electrons and holes generates excitons through Bxnp, as 
mentioned above.  With illumination the profile of exciton density in both Figure 7.16(a) 
and Figure 7.16(b) depicts a Gaussian profile at the photoexcitation position xph due to 
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the Gaussian profile of the exciton generation rate through near-field photoexcitation, as 
shown in Figure 7.12.  The peak values of nxs in Figure 7.16 are much larger than those in 
Figure 7.7 since the peak value of the incident power density (= 522 kW/cm
2
) with near-
field photoexcitation is much larger than that (= 10 kW/cm
2
)  with uniform 
photoexcitation.  The exciton generation rates both by the photoexcitation and by 
recombination of electrons and holes sum to give the total exciton densities.  In Figure 
7.16(b), nxs shows two parts: one is from exciton ionization at the photoexcitation 
position xph through the photoexcitation, another is from the recombination of electrons 
and holes in the middle of the channel.  However, in Figure 7.16(a), nxs shows only one 
part since the photoexcitation position xph is close to the recombination region of 
electrons and holes.  Moreover, the profiles of the electron and hole densities n and p as 
functions of position x with near-field photoexcitation for case C1 are similar to those in 
Figure 7.6 since with illumination the densities of the electrons and holes from the 
exciton ionization through photoexcitation are very few in comparison with those without 





Figure 7.17.  Recombination and generation rates R (solid curves) and G (dashed curves) 
of electrons and holes as functions of position x with near-field photoexcitation at photon 
energy Eph = 0.56 eV with the incident power Wincd = 1 mW for Vd = 0.2 V and Vg-Vfb = 
0.1 V for case C1.  The laser is focused to a 400-nm diameter spot.  The illumination is 
centered at the photoexcitation position xph = 30 μm in (a), and at xph = 20 μm in (b).  The 
dotted curve (Rdark) and the dash-dot curve (Gdark) are for the recombination and 




 Figure 7.17 shows the recombination and generation rates R (solid curves) and G 
(dashed curves) of electrons and holes as functions of position x with near-field 
photoexcitation for case C1.  The illumination is centered at xph = 30 μm in Figure 
7.17(a), and at xph = 20 μm in Figure 7.17(b).  The exciton-ionization rate rdnxs is the 
generation rate of electrons and holes, and thus G (dashed curves) with illumination and 
Gdark (dash-dot curves) without illumination show the same profiles as the exciton 

















 in Figure 7.16(b).  In Figure 7.17(b) R and G show two parts since the 
photoexcitation position xph is far from the middle of the channel, which is the major 
recombination region of electrons and holes.  However, in Figure 7.17(a) R and G show 
only one part since the photoexcitation position xph is close to the middle of the channel.  
In Figure 7.17(b) the profile of the recombination rate R broadens in comparison with 
that of the generation rate G at the photoexcitation position xph.  This means that the 
generated electrons from exciton ionization at xph move toward D and recombine with the 
holes nearby.  Similarly, the generated holes from exciton ionization at xph move toward 
S and recombine with the electrons near there.  When the channel length exceeds the 
recombination length, the device current is equal to the recombination current, as 




lightI e R G dx   with illumination is close to 




dark dark darkI e R G dx   without illumination due to Ilight is 
close to Idark, i.e., the photocurrent Iph is small.  Hence, in Figure 7.17(b) at 
photoexcitation position xph the value of 
0
L
Rdx  is close to the value of 0
L
Gdx , and the 





Figure 7.18.  Singlet-exciton density nxs as a function of position x with near-field 
photoexcitation at photon energy Eph = 0.56 eV with the incident power Wincd = 1 mW for 
Vd = 0.2 V and Vg-Vfb = 0.1 V for case C1.  The laser illumination is focused at xph = 20 
μm.  The dashed, dotted, solid, and dash-dot curves are for the exciton-diffusion 








Figure 7.19.  Singlet-exciton density nxs as a function of x with near-field photoexcitation 
at photon energy Eph = 0.56 eV with the incident power Wincd = 1 mW for Vd = 0.2 V and 
Vg-Vfb = 0.1 V for case C1.  The laser illumination is focused at xph = 30 μm.  The dashed, 











 [97-99], Dx is 









calculated as well.  Figure 7.18 shows the singlet-exciton density nxs as a function of 
position x with near-field photoexcitation for case C1.  The laser illumination is focused 
at xph = 20 μm.  The dashed, dotted, solid, and dash-dot curves are for the exciton-
diffusion coefficients Dx = 0, 30, 100, 300 cm
2
/s, respectively.  There are two parts for 
nxs: one from the photoexcitation at the photoexcitation position xph, and another from the 
recombination of electrons and holes in the middle of the channel, as mentioned above.  
At photoexcitation position xph = 20 μm, the value of nxs broadens more, and the peak of 
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nxs is lower for the higher Dx.  Figure 7.19 shows nxs as a function of x under near-field 
photoexcitation at position xph = 30 μm for case C1.  Since the photoexcitation position 
xph is close to the middle of the channel in the recombination region, two contributions to 
nxs contribute at the same position; one from exciton ionization through the 
photoexcitation, and another from the recombination of electrons and holes.  Similarly, 
the value of nxs broadens more, and the peak of nxs is lower for higher Dx, as well.  The 
photocurrents Iph at photoexcitation position xph = 30 μm for Dx = 0, 30, 100, 300 cm
2
/s 
are calculated as 48.4 pA, 47.9 pA, 46.9 pA, 44.3 pA, respectively.  For the higher value 
of Dx the profile of nxs broadens more, and then the average longitudinal electrical field 
|Fx|ave is lower.  Since both the current gain ΓG and the photocurrent Iph are proportional 





Figure 7.20.  (a) Generation rate G and (b) recombination rate R of electrons and holes as 
functions of position x with near-field photoexcitation centered at xph = 20 μm for case C1. 









Figure 7.21.  (a) Generation rate G and (b) recombination rate R of electrons and holes as 
functions of position x with near-field photoexcitation centered at xph = 30 μm for case C1.  







 Figure 7.20 shows (a) the generation rate G and (b) the recombination rate R of 
electrons and holes as functions of position x with near-field photoexcitation centered at 
position xph = 20 μm for case C1.  The dashed and solid curves are for exciton-diffusion 
coefficients Dx = 0 and 100 cm
2
/s, respectively.  There are two main contributions from 
G and R since the photoexcitation position xph is away from the middle of the channel, 
which is the recombination region of electrons and holes.  The profile of R broadens in 
comparison with that for G at photoexcitation position xph, as mentioned above.  At 
photoexcitation position xph = 20 μm, the values of R and G broaden more and the peak 
values of R and G are lower for the higher Dx since the exciton density nxs broadens.  
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Figure 7.21 shows (a) the generation rate G and (b) the recombination rate R of electrons 
and holes as functions of position x with near-field photoexcitation centered at xph = 30 
μm for case C1.  In Figure 7.21, R and G show only one part since the photoexcitation 
position xph is close to the middle of the channel.  At photoexcitation position xph = 30 
μm, G broadens and the peak of G is lower for the higher Dx since the exciton density nxs 
broadens.  At xph = 30 μm the value of R for Dx = 100 cm
2
/s is close to that of R for Dx = 
0 since the recombination rate is large there.  
 For case C2, Bx = 10
4




, and BBN recombination (BBBN = 10
6
 
cm/s) is included.  Most of the recombination of electrons and holes does not generate 
excitons.  Figure 7.22 shows photocurrent Iph as a function of incident power Wincd with 
near-field photoexcitation at photon energy Eph = 0.56 eV for Vd = 0.2 V and Vg-Vfb = 0.1 
V for case C2.  The laser is focused to a 400-nm diameter spot, and illuminates at the 
photoexcitation position xph = 30 μm (solid curve) and 20 μm (dashed curve).  Both solid 
and dashed curves fall on straight lines, i.e., the photocurrent Iph is proportional to the 
incident power Wincd, as mentioned above.  In the following figures of Figures 7.23-7.29, 
the results for case C2 are calculated with near-field photoexcitation at photon energy Eph 
= 0.56 eV for the incident power Wincd = 1
 
mW for Vd = 0.2 V and Vg-Vfb = 0.1 V, and the 
laser is focused to a 400-nm diameter spot.  Figure 7.23 shows photocurrent Iph as a 
function of photoexcitation position xph with near-field photoexcitation for incident power 
Wincd = 1
 
mW for case C2.  Both the current gain ΓG and photocurrent Iph are proportional 
to the average longitudinal electrical field |Fx|ave, as mentioned above.  Since the average 
value |Fx| of at x = 30 μm is larger than at x = 20 μm, the photocurrent Iph at the 
photoexcitation position xph = 30 μm is larger than at xph = 20 μm as shown in both 
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Figures 7.22 and 7.23.  The values of photocurrent Iph for photoexcitation position xph = 
30 μm and xph = 20 μm with Wincd = 1 mW are 0.5 pA and 0.12 pA, respectively.  Since 
the dark current Idark is 36 nA, the values of the photocurrent Iph are very small compared 
with the dark current.  Since Iph,swept = 123 nA, the current gains ΓG for the 





respectively.  We find that the current gains are very small.  For xph = 30 μm with Wincd = 
1 mW, the value of Iph (= 0.5 pA) for case C2 in Figure 7.22 is about 1 % of the value of 
Iph (= 48 pA) for case C1 in Figure 7.13 since the value of the exciton-ionization 
coefficient rd for case C2 is about 1 % of the value for case C1. 
 
Figure 7.22.  Photocurrent Iph as a function of incident power Wincd with near-field 
photoexcitation at photon energy Eph = 0.56 eV for Vd = 0.2 V and Vg-Vfb = 0.1 V for case 
C2.  The laser is focused to a 400-nm diameter spot, and illuminates at the 





Figure 7.23.  Photocurrent Iph as a function of photoexcitation position xph with near-field 
photoexcitation at photon energy Eph = 0.56 eV with the incident power Wincd = 1 mW for 







Figure 7.24.  Singlet-exciton density nxs as a function of position x with near-field 
photoexcitation at photon energy Eph = 0.56 eV with the incident power Wincd = 1 mW for 
Vd = 0.2 V and Vg-Vfb = 0.1 V for case C2.  The laser is focused to a 400-nm diameter 




Figure 7.24 shows the singlet-exciton density nxs as a function of x with near-field 
photoexcitation for case C2.  The illumination is at xph = 30 μm in Figure 7.24(a) and at x 
= 20 μm in Figure 7.24(b).  Since the value of Bx is about 1 % of the value of BBBN, only 
1 % of the recombination of electrons and holes generates the excitons.  The exciton 
density nxs from the recombination of electrons and holes is at the middle of the channel, 
but the value of nxs is about 1 % of the value of nxs in Figure 7.16.  Since this value is too 
low to be seen in the length scale in Figure 7.24, nxs shows only one part at the 
photoexcitation position xph.  With illumination the profile of nxs depicts a Gaussian 
profile at the photoexcitation position xph due to the Gaussian profile of the exciton 
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generation rate through the near-field photoexcitation in Figure 7.12, as mentioned above.  




Figure 7.25.  Recombination and generation rates R (solid curves) and G (dashed curves) 
of electrons and holes as functions of x with near-field photoexcitation at photon energy 
Eph = 0.56 eV with the incident power Wincd = 1 mW for Vd = 0.2 V and Vg-Vfb = 0.1 V for 
case C2.  The laser is focused to a 400-nm diameter spot.  The illumination shines at xph = 




 Figure 7.25 shows the recombination and generation rates R (solid curves) and G 
(dashed curves) of electrons and holes as functions of x with near-field photoexcitation 
for case C2.  The illumination shines at xph = 30 μm in Figure 7.25(a), and at x = 20 μm in 
Figure 7.25(b).  The exciton-ionization rate rdnxs is the generation rate of electrons and 
holes, and thus G (dashed curves) shows the same profiles as the exciton densities in 
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in Figure 7.24(b).  Since essentially all electrons and holes recombine within the channel, 
the device current is equal to the recombination current.  Hence, the recombination rate R 
is much larger than the generation rate G, as mentioned above.  In Figure 7.25(b) the 
profile of the recombination rate R broadens in comparison with that of the generation 
rate G at the photoexcitation position xph, and the peak of R is lower than that of G, as 




Figure 7.26.  Singlet-exciton density nxs as a function of position x with near-field 
photoexcitation at xph = 20 μm for case C2.  The dashed, dotted, solid, and dash-dot 








Figure 7.27.  Singlet-exciton density nxs as a function of x with near-field photoexcitation 
at xph = 30 μm for case C2.  The dashed, dotted, solid, and dash-dot curves are for the 










, as mentioned 




 are calculated as well.  
Figure 7.26 shows the singlet-exciton density nxs as a function of x with near-field 
photoexcitation at xph = 20 μm for case C2.  The dashed, dotted, solid, and dash-dot 
curves are for the exciton-diffusion coefficients Dx = 0, 30, 100, 300 cm
2
/s, respectively.  
The profile of nxs shows only one part at the photoexcitation position xph, as mentioned 
above.  For xph = 20 μm, the value of nxs broadens more, and the peak of nxs is lower for 
the higher Dx.  Figure 7.27 shows the singlet-exciton density nxs as a function of x with 
near-field photoexcitation at xph = 30 μm for case C2.  Similarly, the value of nxs broadens 
more at xph = 30 μm, and the peak of nxs is lower for the higher Dx, as well. 
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Figure 7.28.  (a) G and (b) R of electrons and holes as functions of x with near-field 
photoexcitation at xph = 20 μm for case C2.  The dashed and solid curves are for the 








Figure 7.29.  (a) G and (b) R of electrons and holes as functions of x with near-field 
photoexcitation at xph = 30 μm for case C2.  The dashed and solid curves are for the 






 Figure 7.28 shows (a) G and (b) R of electrons and holes as functions of x with 
near-field photoexcitation at xph = 20 μm for case C2.  The dashed and solid curves are for 
the exciton-diffusion coefficients Dx = 0 and 100 cm
2
/s, respectively.  The exciton-
ionization rate rdnxs is the generation rate of electrons and holes, and thus G shows the 
same profiles as the exciton densities for Dx = 0 and 100 cm
2
/s in Figure 7.26.  Hence, the 
profile of G shows only one part at the photoexcitation position xph.  At the position xph = 
20 μm, the values of R and G broaden more and the peak values of R and G are lower for 
 185 
the higher Dx since the exciton density nxs broadens.  Figure 7.29 shows (a) G and (b) R 
of electrons and holes as functions of x with near-field photoexcitation at the position xph 
= 30 μm for case C2.  At the position xph = 30 μm, G broadens and its peak is lower for 
the higher Dx since the exciton density nxs broadens.  At xph = 30 μm the value of R for Dx 
= 100 cm
2
/s is very close to that of R for Dx = 0 since the recombination rate is large 
there. 
 
7.4 Summary for Photoconductors Based on Carbon-Nanotube Field-Effect 
Transistors 
 
 In conclusion, we implement numerical calculations for photoconductors based on 
ambipolar long-channel CNT FETs with both uniform and near-field photoexcitation.  
Photocurrent, current gain, and exciton density with both types of photoexcitation are 
obtained.  Electron confinement in the quasi-one-dimensional structure of CNTs leads to 
the formation of strongly bound exciton states.  For strong binding, most of the optical 
absorption is associated with photogeneration of excitons; therefore, the calculation of 
photoconductivity accounts for exciton formation and exciton ionization in CNTs as well. 
We find that for the uniform photoexcitation the photocurrent is proportional to 
the incident power density.  This phenomenon is in agreement with the reported 
experimental results [43].  Similarly, for the near-field photoexcitation, the photocurrent 
is proportional to the incident power.  Based on our model, we show that the 
photocurrents for photoconductors based on CNT FETs are much smaller than the dark 
currents, and current gains are very low as well [52].  The reasons for small photocurrent 
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and current gain are explained below.  Firstly, since the diameter of a zigzag CNT (19,0) 
is so small (1.5 nm), the incident radiation absorbed by CNTs is very slight.  The exciton 
densities through photogeneration are low, and then the densities of e-h pairs through 
exciton ionization and the photocurrents are small as well.  Secondly, radiative and 
nonradiative decay of excitons compete with the exciton ionization.  Since the exciton-
ionization coefficient is much smaller than the nonradiative decay coefficient of excitons, 
most of the excitons nonradiatively decay rather than ionize to e-h pairs to contribute to 
the photocurrent.  Thus the exciton-ionization efficiency, the current gain, and 
photocurrent are all small.  Thirdly, the ratio of the exciton-ionization coefficient rdi to 
the capture parameter Bxi for exciton formation, i.e., rdi/Bxi, is proportional to 
exp( / )b bE k T .  Since the exciton binding energy Eb (= 0.16 eV) in CNTs is large, even 
for the same value of Bx the value of the exciton-ionization coefficient rd is small, and 
thus the exciton-ionization efficiency, the current gain, and photocurrent are small as well.  
Fourthly, since the current gain is proportional to the inverse of the square of the channel 
length, i.e., proportional to 2L , and thus for the photoconductors based on the long-
channel (L = 60 μm) CNT FETs, the current gain and photocurrent are small.  Although 
the quantitative values of the photocurrents are very small, the qualitative phenomena of 
the photoconductivity are reasonable. 
  If the electric fields applied in the carbon nanotubes are large enough, most of 
excitons will be ionized to e-h pairs to contribute to the photocurrent.  The calculated 
values of the exciton dissociation (ionization) rates in an external static electric field 
directed along the tube axis were reported [71].  The exciton ionization rate rd is 
proportional to 3/2exp( / )b xcE F , in which c is a constant.  The value of rd decreases 
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exponentially as the binding energy Eb of the excitons increases, and increases 
exponentially as the longitudinal electric field Fx increases.  For the CNT (19, 0), the 




 as the electric field is equal to 60 
kV/cm.  In our case the value of the electric field is given as 0.07 kV/cm, as shown in the 
Figure 7.14, and thus the exciton-ionization rate is very small.  Therefore, the effect of 
the field-dependent ionization of excitons for the large binding energy of excitons in 
CNTs is neglected since the electric field in the long-channel CNT FETs is low.  The 
ratio of the exciton-ionization coefficient rdi to the capture parameter Bxi for exciton 
formation, i.e., rdi/Bxi, is assumed to be the Arrhenius equilibrium constant [72-74], which 
is the Saha’s equation in the case of the chemical equilibrium.   Since the excitons in the 
CNTs are quasi-one-dimensional, the derivation of one-dimensional Arrhenius 
equilibrium constant, i.e., rdi/Bxi, is shown in Chapter 3.8.  Since the values of both rdi and 
Bxi in CNTs are not known, we choose two cases to compare the results.  In case C1, the 




, from which the value of Bx is obtained as 10
6
 
cm/s.  BBN nonradiative recombination is not included so that all of the recombination of 





 and BBN nonradiative recombination (BBBN = 10
6
 cm/s) is included, so that 
most of the recombination of electrons and holes does not generate excitons due to the 
smaller value of Bx (= 10
4
 cm/s) for exciton formation.  The photocurrents for case C1 
and C2 are calculated as 34 pA and 0.34 pA, respectively.  For larger exciton-ionization 
coefficient, more excitons ionize to e-h pairs, and consequently the photocurrent is 
enhanced, as shown in Figure 7.3.  The value of the photocurrent in case C1 is much 
bigger than that in case C2, as expectedly.  For case C1 the profiles of the exciton 
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densities show two parts; one is the exciton generation through photoexcitation, another 
is the exciton formation through the recombination of the electrons and holes.  However, 
in case C2 the majority of the exciton densities are from the exciton generation through 
photoexcitation, but the exciton formation through the recombination of the electrons and 
holes is much smaller due to the smaller value of Bx of exciton formation.  In case C2, the 
profiles of exciton densities show a flat line for the uniform photoexcitation and a 
Gaussian for the near-field photoexcitation. 
 In the near-field photoexcitation, we find that the photocurrent is bigger at the 
photoexcitation position with larger value of the average electric field |Fx|ave since both 
the current gain and the photocurrent are proportional to |Fx|ave.  Moreover, for the higher 
exciton-diffusion coefficient, the profile of the exciton density broadens more and the 








 The objective of this dissertation is to study theoretically carrier transport, optical 
emission, and photoconductivity from optoelectronic devices based on ambipolar long-
channel CNT FETs.  In optical emitters based on CNT FETs, nonradiative recombination 





 photons per injected e-h pair [44]; therefore, the transport 
properties and carrier densities are determined by assuming only nonradiative 
recombination.  A new analytic diffusive-transport model for various recombination 
mechanisms is provided for the first time.  The focus is on the effects of radiative and 
nonradiative recombination in the channel, with the movement of the spatial 
recombination profile in response to the gate and drain voltages calculated analytically, 
which provides physical insight not afforded by purely numerical approaches.  The 
relationship and the scaling are clearly depicted for the first time.  In particular, the 
electronic and optical properties, such as the device current, emitted light-spot size and 
emitted optical power, are clearly shown in terms of the some parameters in the foregoing 
equations.  Nonradiative recombination is shown to play a decisive role in the transport 
characteristics.  For the first time, we find that the emitted light-spot size and the optical 
power are indeed sensitive to the operative nonradiative recombination mechanisms. 
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 For long-channel CNT FETs the gradual-channel approximation (GCA) is 
adopted.  We provide a numerical diffusive-transport approach for the light emission 
based on band-to-band radiative recombination with various nonradiative recombination 
mechanisms but neglecting exciton formation.  In photodetectors based on CNT FETs, 
excitonic transitions dominate their optical absorption spectra since electron confinement 
in the quasi-one-dimensional structure of CNTs leads to the formation of strongly bound 
exciton states.  We provide a numerical diffusive-transport approach for photodetectors in 
order to solve the exciton continuity equation coupled with the electron and hole 
continuity equations.  Therefore, in numerical approaches the systems of differential 
equations with boundary conditions are presented for both optical emitters and 
photodetectors.  There are two approaches for the finite differences to obtain the 
discretized equations; the first is the finite difference method, in which the differential 
operators are directly replaced by difference operators, and the second is the box 
integration method, in which the differential equation is integrated over each of the 
subdomains [90, 91].  The same discretized equations are obtained by both methods.  In 
this study the approach of the box integration method is adopted to derive difference 
approximations for the electron and hole differential continuity equations, while the 
approach of finite difference method is applied to the exciton differential continuity 
equation.  The Scharfetter-Gummel approach [90, 92] is adopted for the profile of the 
interpolation scheme for the electron and hole densities.  In the drift-diffusion currents, 
for large carrier densities the Einstein relation in the degenerate semiconductors can be 
approximated as the formula of Kroemer [58], while the Fermi-Dirac integral of order -½ 
is applied to one-dimensional case by using the similar procedure of Joyce and Dixon [51, 
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59].  The discretization of the differential equations yields a system of nonlinear algebraic 
equations, which can be computed self-consistently.  The multi-variable Newton’s 
method is adopted to implement the calculation [90, 91].  The explicit forms of the 
Jacobian matrix related to the electron and hole continuity equations for the degenerate 
semiconducting CNTs are derived.  In order to solve efficiently, the elements of the band-
diagonal matrix J is stored by a compact form to save the memory, and the library of the 
band-diagonal solver is used to calculate the results [93].  The interesting electronic and 
optical properties such as the electron and hole densities, CNT potential, and exciton 
density can be solved immediately.  The other properties such as the device current, 
recombination rate and emitted optical power for the light emitters and the photocurrent 
for the photodetectors through the photoexcitation, in turn, can be obtained as well.  
 For optical emitters based on ambipolar long-channel CNT FETs, we implement 
both analytic and numerical transport models that the focus is on the effects of finite 
radiative and nonradiative recombination probability in the conduction channel, with the 
movement of the recombination profile in response to the gate and drain voltages.  We 
show that inside the recombination region transport characteristics are essentially 
determined by nonradiative recombination.  The decisive role of nonradiative 
recombination here is consistent with the observed low quantum efficiency in the optical 
emission from CNT FETs [44].  Both analytic and numerical results for the currents and 
the movement of the position of light emission are in agreement with the experimental 
data in Ref. [49] if the experimentally observed hysteresis is neglected.  In the ambipolar 
operation regime, when the channel length exceeds the recombination length, essentially 
all electrons and holes injected from opposite contacts recombine within the channel.  
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When the applied gate and drain voltages satisfy the symmetric condition with VG-Vfb = 
½VD, a current minimum occurs and the position of radiative recombination locates in the 
channel center.  The position of the maximum radiative recombination rate occurs where 
the electron density is equal to the hole density, i.e., where the linear charge density is 
zero.  The emitted light-spot size and optical power on the current and on the gate 
capacitance are predicted to exhibit sensitive dependences on the operative nonradiative 
recombination mechanisms.  The electric field inside the recombination region is 
enhanced but it remains sufficiently small so that a model based on constant low-field 
mobility can be applied to ambipolar long-channel CNT FETs.  Furthermore, the electric 
field is not high enough for exciton-formation through impact excitation in long-channel 
devices [61]. 
 For photoconductors based on ambipolar long-channel CNT FETs, we implement 
the numerical calculation with both uniform and near-field photoexcitation.  The 
photocurrent, current gain, and exciton density with both types of photoexcitation are 
obtained.  For strong bound exciton states in CNTs, most of the optical absorption is 
associated with photogeneration of excitons; therefore, the calculation of 
photoconductivity accounting for exciton photogeneration and exciton ionization in 
CNTs is provided.  We find that for the uniform photoexcitation the photocurrent is 
proportional to the incident power density.  This phenomenon is in agreement with the 
reported experimental results [43].  Similarly, for the near-field photoexcitation, the 
photocurrent is proportional to the incident power.  Based on our model, we show that the 
photocurrents for photoconductors based on CNT FETs are much smaller than the dark 
currents, and current gains are very low as well.  The reasons for small photocurrents and 
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current gains are explained below.  Firstly, the incident radiation absorbed by CNTs is 
very slight due to small diameter (1.5 nm) of a CNT.  The exciton densities through 
photogeneration are low, and then the densities of e-h pairs through exciton ionization 
and the photocurrents are small as well.  Secondly, since the exciton-ionization 
coefficient is much smaller than the nonradiative decay coefficient of excitons, most of 
the excitons nonradiatively decay rather than ionize to e-h pairs to contribute to the 
photocurrent.  Thirdly, the exciton-ionization coefficient is small due to the large exciton 
binding energy ( 0.16 eV) in CNTs, and thus the exciton-ionization efficiency and 
photocurrent are small.  Fourthly, since the current gain is proportional to 2L , and thus 
the current gain and photocurrent are small due to the long conduction channel (L = 60 
μm).  Although the quantitative values of the photocurrents are very small, the qualitative 
phenomena of the photoconductivity are reasonable.  Moreover, the effect of the field-
dependent ionization of excitons for the large binding energy of excitons in CNTs is 
neglected since the electric field in the long-channel CNT FETs is low.  Since the values 
of the exciton-ionization coefficient in CNTs are not known, we choose two cases to 
compare the results.  In case C1, the high value of the exciton-ionization coefficient is 
chosen and BBN nonradiative recombination is not included, so that all of the 
recombination of electrons and holes generates excitons.  In case C2, the low value of the 
exciton-ionization coefficient is chosen and BBN nonradiative recombination is included, 
so that most of the recombination of electrons and holes does not generate excitons.  The 
calculated value of the photocurrent in case C1 is much bigger than that in case C2, as 
expectedly.  For case C1 the profiles of the exciton densities show two parts; one is the 
exciton generation through photoexcitation, another is the exciton formation through the 
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recombination of the electrons and holes.  However, in case C2 the majority of the 
exciton densities are from the exciton generation through photoexcitation, so that the 
profiles of exciton densities show a flat line for the uniform photoexcitation and a 
Gaussian for the near-field photoexcitation.  In the near-field photoexcitation, we find 
that the photocurrent is bigger at the photoexcitation position with larger value of the 
average electric field since both the current gain and the photocurrent are proportional to 
the average electric field.  In addition, for the higher exciton-diffusion coefficient, the 
profile of the exciton density broadens more and the peak of the exciton density is lower. 
 
8.2 Recommendation for Future Research Work 
 
 Based on our model, for photoconductors based on long-channel (L = 60 μm) 
CNT FETs the photocurrent is much smaller than the dark current since the current gain 
is proportional to 2L .  CNT FETs with channel lengths ranging from 500 nm to 1000 nm 
were reported in the observed photoconductivity [21, 43], in which the photocurrent is 
larger than the dark current.  Therefore, the short-channel devices are more promising for 
the photoconductors.  Moreover, the observed open-circuit photovoltage and short-circuit 
photocurrent produced by local illumination at the Schottky contacts of CNT FETs were 
reported [65, 66, 68, 69].  Internal fields, such as those formed Schottky contacts and 
those in defect sites, can be used to image such sites and determine the band bending in 
the open-circuit configuration [68, 69 ].  The photovoltage images show that the band-
bending length near the contacts ranges from hundred nm to microns when the device is 
depleted.  However, in our model for the photoconductors, the incident light is assumed 
 195 
to illuminate the entire channel but not the contacts, and the effect of the Schottky 
barriers is simplified to a constant voltage drop across the contact independent of the 
current.  In order to study the incident light exciting near the contacts, the more accurate 
model for the Schottky barriers is required.  Some models including the tunneling and 
thermionic emission currents through the Schottky barriers were reported in optical 
emitters based on ambipolar CNT FETs [50, 60].  Moreover, the observed optical 
emission based on CNT FETs with channel length 1 μm was reported [28].  Since the 
band-bending length near the contact is comparable with the channel length, the 
modeling for the short-channel devices of the optical emitters and photoconductors 
requires the accurate treatment for the Schottky barriers as well. 
 The calculated value of exciton-ionization rate increases exponentially as the 
electric field increases [71].  Hence the high internal electric fields forming the Schottky 
contact can tremendously increase the exciton ionization to e-h pairs to contribute to the 
photocurrent for the photoconductors.  However, in our model for the photoconductors, 
the effect of the field-dependent ionization of excitons is neglected.  In order to calculate 
the open-circuit photovoltage and short-circuit photocurrent produced by local 
illumination at the Schottky contacts of CNT FETs, as mentioned above, the effect of the 
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